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FOREWORD

This report was prepared by the Research Laboratories of Lockheed Missiles &
Space Company, for the George C. Marshall Space Flight Center of the National
Aeronautics and Space Administration. The work was performed under contract
NAS £-11266. The contract was administered by the Research Projects Laboratory

of Marshall Space Flight Center.

This Eight-Month Progress Report describes work performed from 27 June 1964 to
27 February 1965.
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Section 1

INTRODUCTION

Successful operation of space vehicles demands that components be maintained
within their designed temperature limits. Control of temperatures on an opera-
tional spacecraft is based on the exchange of radiant energy with the vehicle's
environment, and therefore, with the optical properties of the exterior sur-
faces. Design requirements often dictate the use of a surface with a low ratio
of solar absorptance (@S) to emittance (e) . These surfaces are generally
susceptible to damage by natural or induced radiation in space, resulting in

an increase in as

0f all sources of radiation encountered in space, both natural and induced,

the ultraviolet portion of the solar spectrum is the most important source of
damage to low as/e surfaces. In general, ultraviolet-induced damage 1s at
least as great as that due to other forms of radiation. In addition, all space
vehicles are exposed to high fluxes of solar radiation. In contrast, all vehi-
cles do not experience high doses of Van Alleﬁ, nuclear, or other forms of high-

energy radiation.

Over the past five years a large body of data on the effects of simulated solar
ultraviolet radiation in vacuum on low as/e thermal control surfaces has been
generated by various agencies concerned with spacecraft (Refs. 1 —-12). Time
requirements necessitated concentration on the achievement of relatively crude
engineering design data. Available information on solar-radiation-induced
damage to thermal control surfaces is virtually entirely empirical. Since
complete envirénmental simulation is never achieved in the laboratory, precise
prediction of behavior in space from the existing laboratory testing data 1is
not possible. This problem is demonstrated by the comparison of laboratory

and spacecraft data shown in Ref. 13.
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ii?his report documents the activities and progress of an investigation into the
mechanisms of solar-radiation-induced damage to the optical properties of zinc

oxide.) The first eight months of effort are reported.
©/

Central to the investigation is an experimental study of the optical behavior
of particulate samples of zinc oxide; particle size is essentially that of the
pigment in a low as white paint. Carefully prepared particulate samples are
exposed to radiation of wavelengths between 0.2 and 2.6 microns (p). Para-
meters being varied in both initial exposures and studies of damage reversibility
are the flux density, spectrum, and time of exposure, and the sample tempera-
ture and gaseous environment. Sclected exposures are being performed in which
the bi-directional spectral reflectance of the sample is monitored during expo-
sure (in situ). The in situ measurements provide the key to comprehensive
detailed knowledge of optical damage to particulate samples. In addition,
static ultraviolet tests with before- and after-exposure measurements have been
carried out to supplement the slcwer, more thorough tests with in situ measure-

ments.

A parallel theoretical and experimental program to describe the pertinent bulk
and surface properties of zinc oxide is underway; the goal of these parallel
efforts is a comprehensive explanation of phenomena observed in the particulate
samples. The extensive and often contradictory literature on zinc oxide is
being critically evaluated and related to the observed optical damage. Selected
measurements of optical and transport properties of zinc oxide single crystals
are being performed, when required, to formulate a coherent picture of zinc
oxide optical behavior, or to resclve contradictions and fill voids in the open
literature. Blect: e calenlations for the ildeal cry-
stal have been performed as a point of departure for the understanding of elec-

tronic behavior in real crystals.
The study is directed toward identification of the primary mechanisms involved

in solar-radiation-induced damage to the optical properties of ZnO-type semi-

conductor pigments, as exemplified by ZnO itself.
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Knowledge of the damage mechanisms would greatly simplify the problem by pro-
viding a rational basis both for the design of environmental tests and for
interpretation of the resulting data. Ultimately, such knowledge would guide

materials specialists in the development of optimum materials.

The type of low as/e surface usually employed on spacecraft 1s a white coat-
ing made up of a pigment dispersed in a binder. A definitive understanding of
the changes in the spectra of such systems is impossible unless the behavior
of each component alone is first understood. A detailed study has been under-
taken to better understand the behavior of the pigment itself. If this study
is to produce positive results, it must concentrate on one pigmenting material.

The ideal material would possess the following attributes:

¢ Simple, well-defined chemical and electronic structure.

e Data availlable on optical, electrical, and related physical
properties.

@ Representative of a class of stable white pigments.

o In use in promising thermal control coatings.

Zinc oxide possesses each of the above characteristics to a greater degree than
does any other single material. Zn0 is the most widely quoted example of a
metal excess (n-type) semiconductor, and a great deal of work has been done
with sintered material as well as single crystals. Considerable progress has
been made in characterizing the electrical and optical properties of ZnO,
although it is by no means completely understood. Furthermore, its properties
are similar to those of titanium dioxide, zinc sulfide, and stannic oxide;

zno0, TiOg, ZnS, and SnO2 are all in use as pigments in vromising white thermal
control surfaces. Study of Zn0O, then, is a logical starting point for loves-
tigation of the mechanisms involved in solar-radiation-induced damage to low

as/e surfaces.
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2.0 ZzINC OXIDE PROPERTIES AFFECTING OPTICAL BEHAVIOR

2.1 INTRODUCTION

Zn0 is a II-VI compound semiconductor which crystallizes in the hexagonal
wartzite structure (Bi-type). The binding is largely polar, but there is also
significant covalent binding; Zn0 stands somewhat between the polar alkali

halides and the covalent bonded group IV semiconductors.

The energy gap of Zn0 is 3.2 eV (0.38u) at 300°K and appears to be a direct
gap located at the center of the Brillouin zone. The optical absorption
coefficient has the characteristic steep rise at this energy and reaches a
value greater than 2 x lO5 cm_l at photon energies greater than the band gap.
The ultraviolet reflection spectra (Ref. 1) is just beginning to receive
serious attention and will play a strong role in elucidating the overall band
structure of Zn0 (see Section 5). Infrared studies on single crystals have
revealed the characteristic lattice absorption spectra of Zn0, and also
distinct free carrier absorption effects. FElectron paramagnetic resonance,

visible and infrared absorption, photoconductivity and liminescence studies

have provided some information on the details of the impuvity levels in ZnO.

Zn0 is an n-type semiconductor; hnle conductivity has not been observed to
date. The conduction band has an effective mass of 0.27 mO and an electron
mobility of 60 cmg/volt—sec at 3009K (Ref. 15). The resistivity of ZnO
crystals can be varied over a wide range by doping; from about 10_2 ohm-cm
to greater than lOll ohm-cm at 300°K. Extensive transport studies have been
carried out on Zn0 and many of its basic semiconducting pruperties have been

characterized.

Because Zn0O has been rather thoroughly studies, there is a relatively large
amount of information concerning its transport, optical, photoconductive and

catalytic properties. In the following se-~tions (2.2 to 2.5) some of these

no
1
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properties of Zn0 which have a direct bearing on the formulation of the
ultraviolet damage mechanism are discussed in detail. Finally, in Section 2.6,

a working degradation model is formulated.
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2.2 HSURFACE FPHENOMENA

Before discussing photoconduction and degradation effects in ZnO, it is import-
ant to point out some of the pertinent phenomena which occur at semiconductor
surfaces. For simplicity, we will consider an n-type semiconductor as is the
case for Zn0O. 1In Fig. 2-la we have indicated a semiconductor surface with a net

negative charge and in Fig. 2-1b n surface with a net positive charge.

A negative surface charge will, of courgse, repel electrons near the surface
creating a depletion region (depleted of electrons) with a net positive charge
near the surface due to ionized donors. The potential harrier height Vq is
produced at the surface, bending both the conduction and valence bands ;pwards
(with respect to the bands in the volume of the ecrystal). It should be noted
that in this case holes in the deplelion region are strongly attracted to the

surface.

A positive surface charge on the other hand, will aliract electrons toward the
surface causing an accumulation layer of electrons adjacent to the surface. 1In
this instance the bands bend downward at the surface with respect to the bulk;

holes in the valence band are repelied from the surface.

Without developing the relationship between the donor density, barrier heights,
surface charge and space charge dimeonsion ¢, it is brportant simply to point
out the magnitudes of these gquantities cxpected in n0 crystals and pigments
(for a full treatment see G. Heilmd (Ref. 14)). The maximm surface charge
{as wonld exist in an atmesphere of air) will be approximately 1012 -
10"~ charges per cmg. In vacuum ihe gurface charge density will in general

be much less than this. At this maximum/surfaco charge density and with

donor concentrations in the range of lOlb to 1018 cmé,tho barrier height Vg
will be in the range of 0.1 to 1.0 ev and the depletion reglon depth will be
of the order of 100 to 1000 X. The inportant point. here is that these are the
magnitude of the effects to be evpected in the pigments under investigation

in this contract.
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The phenomena of surface condnction in a Zn0 crystal oceurs, Tor example,

when the surface has been reduced; say wilth hydrogen or excess zinc. This will
produce the band bending shown in Fig. 2-1b where the electron conduction now
occurs predominately in the accumilation region near the crystal surface. The
enhanced conductivity which is obscrved when surface conduction occurs is the
result of donors diffusing inward to provide additional free carriers. The
diffusion distance does not have to be any greater than the accumulation layer

o)
depth which is relatively small (approximately 100-1000 A).

Another important feature to bear in mind is the relationship between the Fermi
level in the crystal and the location of the surflace states in energy in deter-
mining the type and degree of band Lending at the surface. First let us con-
sider a negative surface-charge state with a sufficiently small density
(<<1012/0m2) such that the Fermi level iz not pinned at the surface state.

Then if the Fermi level is above the energy level of the surface state, that
surface state will contain electrons and provide a negnabive surface charge.

If the Fermi level is below the surface siale, it must be depleted of electrons,
and no negative surface charge will exist. This moiel ig shown in Fig. 2-2

for the two cases, where it will be noted ithat the usual depletion region and
upward band bending occurs in the first cnse and no band bending occurs in the
second case. By appropriate doping of the Zn0 crystal, the Fermi level in the
bulk can be lowered; e.g., down to approximately midway between conduction and
valence bands by Li substitutional impurites. It is then possible to control
the band bending at the surface by changing the volwme characrteristics of

the crystallites. If the surface charge density is sufficiently largé,
however, then the Fermi level at the surface will be anchored at the surface
impurity level, regardiess of the position of the Fermi level in the bulk of
the crystal. Therefore, it can be seen that modification of the position of
the Fermi level in the bulk of the crystallites can produce marked changes in

its surface properties such as its photoadsorption-desorption characteristics.

2-5
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2.3 BULK IMPURITY STATES

Donors

The known donor states are interstitial Zn, and interstitial Li and Cu when

added as impurities. Also Group III elements such as Ga and In when incorporated
substitutionally act as donors. These levels, which are singly ionized, exist
approximately 0.05 eV below the conduction band and appear to take the form of
simple hydrogen-like impurity levels. It should be noted that an electron in

a hydrogen-like impurity state near a band edge will have a binding energy of

6 m*
E=.lig6__"}__ev
K

where m* is the effective mass of an electron in the band in question and K is
the static dielectric constant (K = 8.5 for ZnO). As an example, for an elec-
tron in or "near" the conduction band of Zn0 we have m* = 0.27 (Ref.15) and

therefore

ev

_ (1.36)(0.27)
E = T 0.05

in reasonable agreement with the singly ionized states observed. Oxygen
vacancies can also exist; the singly ionized vacancy having the binding energy
of approximately that of the singly ionized interstitial donors and the doubly
ionized vacancy being approximately 0.8 ev below the conduction band edge.

The doubly ionized state has definitely been observed in electron paramagnetic
resonance work (Ref. 17) and being doubly ionized can act as an electron trap.
In fact,the 2.4 ev luminescence of ZnO has been ascribed to the radiative

transition between this level and the valence band.

Accegtors

Monovalent Cu and Li act as acceptors in Zn0O, when they substitute for Zn
in the lattice. The level of the Cu acceptor from the valence band is some-

what uncertain; however the Li acceptor level appears to exist ~0.85 ev

2=
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above the valence band. These acceptor centers have a net negative charge in
the lattice when ionized, which is generally the case; i.e., the acceptor

‘levels lie beneath the Fermi level.

The impurity levels are summarized in Fig. 2-3.

2-8
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2.4  FAST PHOTOCONDUCTIVITY AND TRAPPING

As far as determination of the nature and energy spectrum of the carrier

trapping states in Zn0O is concerned, the most comprehensive work was done by

Hieland (Ref. 18). 1In this work he investigated both field effect and photo-

conductivity in the surface conduction region of single crystals. Basically,

the field effect will determine the effective mobility of the electrons in

the space charge region which 1s determined by the density of states distribu-

tion for the electron traps, and ithe photoconductivity determines the density

of states for the hole traps. The essential results of these studies can be

summgrized as follows:

(1)

(2)

(3)

(4)

The trapping of excess holes or electrons is not determined by the
dark surface conductivity, that is by the density of surface charges.
The electron mobility increases and the photoconductivity decreases
with increasing intensity of radiation with energy greater than or
equal to the band gap. This says that electron trapping (from field
effect) and hole trapping (from photoconductivity) decreases with
increasing illumination.

Both of the above results would occur if the quasi Fermi levels for
the electron and holes (each quasi Fermi level approaches the cor-
responding band edge with increasing illumination) are moving through
a continuum of trapping states. A gquasi-Fermi level is used to
describe electron and hole distributions under steady state non-
thermal-equilibrium conditions. 1In the case of photoconductivity

the quasi-Fermi levels describe the separate distribution functions
of the electron and hole densities produced by illumination.

The density of states of trapping levels for electrons and holes
obtained in Heiland's work is shown in Fig. 2-4. The important point
to note here is the preponderance of trapping levels found near the
conduction and valence band edges. It is difficult to interpret from

his results alone what the actual spectrum of trapping states is

2-10
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(5)

(6)

because of the complexities of the situation at the crystal surface.
In fact, the spectrum he finds can be reasonably accounted for simply
by assuming that the guasi-Fermi level passes through a single trap-
ping level in the region near the surface where the bands are bent.
It should be mentioned that this observed density of states could
also be the result of a single level which crosses the Fermi level
inside the space charge layer because of band bending.

The electron traps are located at the surface or in the space charge
region and they are not effective in recombination. Also the traps
for electrons must be located near the traps for holes with regard

to the distribution of charge; a spatial separation of tﬁe two levels
of traps would result in bending of the bands and great changes in
the surface conductivity which is not observed.

The hole trapping effects indicate that the holes are protected
against recombination with electrons; that is,the hole traps have a
double negative charge in the trapping state. Oxygen ions (0 ) at
the surface can satisfy this requirement, but the hole trap density
has been shown to be independent of the coverage of the surface with
adsorbed oxygen (over four orders of magnitude). Therefore the
oxygen bound in the lattice may provide hole traps at the surface or

additionally in the bulk.

n

-12
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2.5 SI0W PHOTOCONDUCTIVITY

In addition to the fast photoconductive process which is electronic in origin,
there is a slow photoconductive process which is related to the adsorption and
desorption of oxygen from the surface. This process is characterized by a
sluggish rise (minutes to days) of the conductance during irradiation and a
similar decay upon cessation of the irradiation. The general characteristics
of this photoconductivity, such as its time-dependence and saturation level,
depend on the experimental conditions such as light intensity, temperature, and
ambient pressure. The general features of the experimental results can be

understood in terms of the photoadsorption-desorption mechanism discussed below.

This slow process is irreversible in a vacuwim to the extent that although there
is a slow decay of the conductivity alter the irradiation is stopped, the
initial conductivity is not regained. However, admission of air accelerates
the decay and, eventually, the initial conductivity is regained. It has been
noted that there is an attendant pressure rise in the system when the Zn0O is
irradiated and a corresponding decreacse in the pressure when the irradiation

is stopped. The kinetics of this photodesorptive and phintoadsorptive process
have been extensively investigated. The resulls clearly show that the kinetics
of the slow photoconductance behavior are determined by the kinetics of the
photoadsorption-desorption procecs. 5Stndies of the photocatalytic behavior

and surface potential measurements of ZnO give a further clue to the processes
involved. In particular, it has been shown that oxygen is adsorbed both
physically and chemically, the chemisorbed form resnlting in a negative surface
charge. The exact species involved have not been conclusively determined, but
the most Likely chemisorbed forms are 0 aud O . Their activation energies 1ie
in the range 0.5 ev to 1.5 ev; the physically adsorbed species about 0.05 ev. Re-
duced Zn0O, on the other hand, has been shown to have a posilive surface charge.
As an example, heating ZnO in an atmosphere of H2 at elevated temperatures

results in a positive surface charge. Also,changes in the surface charge of

Zn0 have been brought abont by variations in the Fermi icevel as a vesult of
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bulk doping of the crystal. Doping with Li, for instance (which is an acceptor
when incorporated substitutionally) lowers the surface charge by emptying the

negatively charged surface states as a result of the lower Fermi level.

With this background information we are in a position to discuss a mechanism
which best relates these observations. The negatively charged surface resulting
from the adsorption of oxygen on Zn0 is considered to consist of negative
oxygen ions which have been formed by the transfer of conduction electrons to
the adsorbed species. If adsorbed at low temperatures O  is considered to be
the predominant specie and if adsorbed at high tempe ratures (above QOOOC) 0"
is more likely. In addition to these chemisorbed species, physically adsorbed
oxygen is also present. The adsorption of oxygen on the surface thus gives
rise Lo a decrease in conductivity by removing electrons from the conduction
band. This electron transfer creates a compensating space charge layer of
ionized donors and a Schottky barrier is formed, i.e., the negative charge on
the surface gives rise to an upward band-hending at the surface. This is the

normal configuration of a Zn0O surface in air.

The adsorbed ions can be desorbed by illuminating the surface with band-gap
light in the following way. When band gop licht is Iincident on an oxidized
Zn0 surface, i.e., one that has a necgatively charged oxysen surface layer,

an electron-hole palr is created and Lthe holes will be accelerated by the field
to the surface where they neutralize a negative charge on the oxygen. The
oxygen is now only physically adsorbed. The electron created by the action
of the light is weakly attracted to this physically adsorbed oxygen and is
available for conduction only after the oxygen is desorbed. Thus the rate

of increase in photoconductivity is determined by the rate of desorption of
the physically adosrbed oxygen. Therefore, it can be scen that the photo-
conductive response will increase at a rate which is initinlly velatively
independent of the ambient oxygen pressure. lowever, the saturation value of
the photoconductivity will depend on the ambient oxyeen pressire such that

in a vacwun the photocondnctivity will show n gradial inecrease which will

2-1h
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ultimately saturate at much higher levels than the corresponding level in an

oxygen atmosphere.

When the irradiation is stopped, the decay time of the photoconductivity is
essentially determined by the rate at which electrons can overcome the surface
barrier to create chemisorbed oxygen from the physical adsorbed oxygen. When
oxygen 1is admitted to this system, the rate of decay is increased because

there are more physically adosrbed oxygen sites to accommodate the electrons.

In general, these processes appear to dominate the slow photoconductive effects.
However, the situation is in fact mnch more complicated. -As an example, during
the slow process diffusion of such npeocies as oxygen vacancies and excess zinc
may occur. This diffusion not only would modify the rate of the observed
effccts but through electron trapping can modify the electron mobility in the
space charge region and consequently the magnitude of the photoconductive

effects.

e

'
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2.6 WORKING DEGRADATION MODEL

Obviously, the degradation of the optical properties of ZnO by ultraviolet
radiation is a complicated phenomenon. However, in this section, we would like
to outline a degradation model in a general sense and then point out thos
features which are uncertain at the present time. For this outline, we will
first start with a ZnO particle in an oxygen atmosphere. The surface (as

shown in Fig. 2-1A) should take on a net negative charge due to electrons bound
to the oxygen atoms at the surface. The potential barrier produced at the sur-
face 1s such that electrons will be repelled and holes will be atiracted to the
surface within the space charge layer. The volume near ithe surface will there-

fore be a depletion region becanse 7Zn0 is an n-type semiconductor.

When ultraviolet radiation of energy greater than the inlrinsic energy gap
(3.2 ev) is incident on the sample, electron-hole pairs are created within the
bulk of the crystal or particle; the absorption depth for the radiation is a
tenth of a micron or less. The electrons have difficulty in getting to the
surface but the holes will be accelerated to the surface by the action of the
strong electric field in the space charge reglion. The holes recombine with
the O  at the surface and change the oxygen from the chemi-sorbed to the phys-
ically adsorbed form which then can leave the surface with relative ease. The
activation energy for physical adsorption is roughly 0.05 ev. This process
results in oxygen leaving the surface which becomes Zn rich. Furthermore,
this Zn rich surface layer gives a positive contribution to surface charge,
thus decreasing the band bending and potential barrier at the surface. As

the degradation proceeds the surface charge will tend to change to a net posi-
2-1B). Under this condition the holes have a retarding potential at the
surface to overcome and the rate of charge neutralization slows down severely.
Thus the degradation process (loss of oxygen) proceeds initially at a rate

largely determined by the rate of evolution of adsorbed oxygen and eventually
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at a rate limited by the arrival of holes through the retarding potential of

the positive surface charge.

With this general trend outlined, the next step is to ascertain what changes
produced by this oxygen loss manifest themselves as the permanent damage ob-
served in various spectral regions of the reflectivity from pigments. Two
general consequences are expected to result from the oxygen loss. Changes

in the band-bending can be expected to modify the availability for optical
absorption of the impurity states already present in the ZnO crystallites be-
cause of changes in the relative positions of the impurity states and the
Fermi level. Diffusion of defects and impurities is also expected to occur

and would give rise to additional absorption.

There is insufficient information at this time to specify the exact nature

of the impurity states giving rise to the optical absorption observed in the
damaged Zn0O pigments. We can, however, make some comments as to the impuri-
ties to be expected. With the loss of oxygen from the surface both interstitial
Zn and oxygen vacancies can be expected to diffuse into the material. It should
be pointed out that the problem of predicting diffusion rates in the pigments

is very difficult. Even if the diffusion rates of the impurities were well
known in single crystals — and there is much contradiction in this area —

the complexities of the interactions near the surface of the crystallites

prevents realistic estimates of these diffusion rates in the pigments with

our present information. However, assuming interstitial Zn and oxygen vacancies
as the impurities we can indicate some of the consequences. Interstitial Zn

provides rather shallow (~0.05 eV) donor states and oxygen vacancies provide

donor states about 0.8 oV below the conduction !

vvvvvv il Co NG 1011

T

and. At the densities of
impurities expected in the degraded material these levels are expected to be
considerably broadened; thus if these levels were present, significant
absorption should be observed in the material for photon energies from about

2.1 eV to 3.2 eV; that is, over the wavelength interval of .38 to .6 u.

2-17

LOCKHEED MISSILES & SPACE COMPANY




In the infrared two types of absorption can occur as a result of the degrada-
tion. First, the existence of levels with energies up to 1 eV below the con-
duction band can provide absorption for wavelengths longer than 1 pu. Also,
since Zn interstitial and oxygen vacancies are donors, the electron density
in the bulk of the crystal can be increased, which would result in increased
free carrier scattering absorption. It should again be emphasized that the
data presently available does not allow an unambiguous assignment of the

levels giving rise to the optical absorption observed in the degraded material.

There is one consequence of the degradation model which should be pointed out.
The model would predict that the photodesorption rate of oxygen from the
surface should be significantly retarded if the Fermi level in the bulk of

the crystallities can be lowered sufficiently. This should occur regardless
of whether the Fermi level is pinned at the surface state energy or not. If
it is not pinned and the Fermi level can be lowered beneath the surface state
energy the surface charges will be depleted of electrons (see Section 2.2)

and the photodesorption rate should be decreased. If the Fermi level is pinned
at the surface (which will occur at large surface coverage) a lower Fermi
level in the bulk of the crystallites will decrease the band bending. It can
even cause the bands to turn down at the siurface depending upon the relative
level of the bulk Fermi level and the surface state energy. This decreased

band bending will also tend to decrease the photodesorption rate.

The lowering of the Fermi level in the bulk of the crystallites can be
accomplished by Cu or Li substitutional doping. However, doping the pigments
with Cu or Li will tend to give added optical absorption in the energy
region Just below the band gop, such that the overall visible relleclivity
may be slightly lower than that for an undoped pigment. Thus, with doping,
the pigment might start out slightly degraded but subsequent ultraviolet

degradation may be greatly reduced if not eliminated.

The specific application of this model to the experimental results of the de-

gradation effects observed in Zn0O pigments will be discussed in Section 6.
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3.0 ©SINGLE CRYSTAL MEASUREMENTS

The single crystal measurements reported in this section were carried out to
obtain certain fundamental information about the fast photoconductive process
and impurity levels in ZnO. This work was undertaken to provide information
which was not adequately covered in previous investigations of Zn0 and which
we felt was important in ultimately formulating the ultraviolet degradation

mechanism in Zn0O pigments.
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3.1 SPECTRAL DEPENDANCE OF ABSORPTION AND PHOTOCONDUCTIVITY

The optical absorption data on an undoped ZnO crystal (excess Zn) and a Li
doped crystal were taken on a Cary 14 (double-beam grating spectrometer) from
0.35p to 2.8u. Samples are described in Table 3-1. The results are sﬁown in
Fig. 3-1a and 3-1b. The first point to note is the apparent shift of the
fundamental absorption edge to lower energy (a shift of ~0.04 eV) with the
Li addition. This shift is either the result of a high density of shallow
acceptor states or a deformation of the lattice itself due to the high im-
purity concentration. Our absorption data does not go to high enough values
of the absorption coefficient to resolve this. The most noteworthy feature
is the broad absorption tail in the Li-doped sample which extends to about

0.75 microns.

Before discussing this absorption in greater detail we should first discuss
the spectral dependence of the photoconductivity. The measurements were
carried out at room temperature in air on the Li-doped crystal. Radiation
from a Xenon compact arc source was passed through a Perkin Elmer-112
monochromator and then brought to a focus on the sample. The chopping fre-
quency of 1 kc was chosen to insure that only the fast photoconductive process
was being observed. The observed photoconductive signal is shown in Figure
5~la as a function of wavelength. The measurements were carried out to

6 microns bubt no other photoconductive signals were detected. The photocon-
ductive response and the absorption edge data on the Li-doped sample are com-
pared in Figure 3-1. The essential feature is that the photoconductivity
which we are observing is a bulk as opposed to a surface phenomenon. The
following argument supports this statement. It i
conductive signal decreases as the absorption coefficient increases sharply
due to the band-to-band absorption (the fundamental band edge). The sample
surface was purposely not etched, thus providing a surface with a high recom-

bination rate. Therefore, in these experiments radiation which is absorbed
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very close to the surface (high absorption coefficient) does not give rise to
a photoconductive signal. The next feature to note is that the signal peaks
at that wavelength for which the absorption coefficient corresponds approxi-
mately to the reciprocal of the sample thickness (~0.04k cm). At longer wave-
lengths an increasing amount of the incident energy is transmitted through the
sample, due to the decreasing absorption coefficient. The photoconductive
response decreases proportionately. Consequently, it is clear that the

observed photoconductive effect is a bulk phenomena.

Since Zn0 shows only n-type conduction, the photoconductive spectral response
must be associated with the excitation of electrons from acceptor levels to
the conduction band. The photoconductive response turns on at 2.25 eV, thus
indicating that the acceptor levels involved are located about 0.95 eV above
the valence band. This is in good agreement with previous assigmments of the
Li acceptor level (approximately 0.85 eV). Referring to Fig. 3-1b it will be
noted that the optical absorption of Li doped single crystals begins at ap-
proximately 1.6 eV. This is certainly a much lower energy than that required
to cause photoconductivity, and thus indicates that we are looking at additional
absorption due to transitions from the valence band to donor levels above the
middle of the energy gap. To detemmine if this is reasonable we first must
establish that the Fermi level is at least this far below the conduction band,
because only then will states above the Fermi level be available for optical

transitions from the valence band.

The electrical resistivity and themmoelectric power were measured at room tem-
perature on a Li-doped single crystal in an attempt to establish the Fermi
level. These measurements were done in air and with an experimental arrange-
ment designed to minimize surface conduction effects. The measured resistivity
(p = 1019 ohm cm) and Seebeck coefficient (Q = 1.9 mV/°C) would both indicate
that the Fermi level in the volume of the crystal was approximately 0.7 eV

below the conduction band. When these measurements were carried out in vacuum,
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surface conduction effects were quite evident. The resistivity and Seebeck
coefficient measured in vacuum both indicate the Fermi level was much closer.
to the conduction band in the surface conduction region than in the measure-
ments carried out at atmospheric pressure. The reason for pointing this out

is that even in air, surface conduction effects could predominate and the true
bulk resistivity can be far higher than was measured. Therefore, the bulk
Fermi level may be quite a bit farther from the conduction band than the 0.7 eV
which was measured. ILanders (Ref. 19) carried out resistivity measurements

on Li doped single crystals at much higher temperatures to minimize the effect
of surface conduction (the bulk resistivity decreases by orders of magnitude

at higher temperatures). He found that the Fermi level could be as 1low as

1.5 eV below the conduction band. We plan to carry out our own resistivity
measurements to higher temperatures to unambiguously establish the Fermi level
in our own crystals. If the Fermi level is indeed this deep, then the observa-
tion of absorption down to photon energies of 1.6 eV indicates the existence

of rather deep impurity states of a significant density even in these relatively

pure single crystals.

There is an alternative explanation for the 1.6 eV turn on of absorption which
we feel, however, is not too probable. This would involve transitions between
the Li acceptor levels and perhaps the oxygen vacancy level beneath the con=
duction band; the energy difference between these two levels being approxi-
mately 1.6 eV. TFor this to be an observable transition the acceptor and donor
states would have to be spatially intimate. However, even in this case the
transition probability between two impurity states is not as strong as between
a band and impurity state and for this reason we feel that this explanation

is not likely to be applicable.

LOCKHEED MISSILES & SPACE COMPANY



3.2 TRANSIENT PHOTOCONDUCTIVITY

The transient behavior of the photoconductivity in Li doped single crystals
was investigated with the apparatus described in Appendix D. A short light
pulse (0.5 usec) irradiates the sample causing an immediate rapid rise and
then an immediate rapid decay of the photoconductivity. This is followed by
a relatively longer decay process (milliseconds) which can provide information
on the trapping processes in the crystal. This experimental arrangement has
been designed to provide information on the trapping processes in ZnQO, and we

will now outline the preliminary results of this work.

Tc date these photoconductivity experiments have only been carried out near
room temperature, and photoconductivity has been observed only in the Li-doped
samples. The first point to note is that the photoconductivity observed is

the fast photoconductive effect which is determined by the carrier recombina-
tion processes in the crystal and is not determined by adsorption or desorption
of oxygen at the surface. The second point to note is that the response ob-
served in the transient behavior is a bulk and not a surface effect. This can
be established as follows. The transient behavior is completely independent

of the surrounding atmosphere whebther it be vacuum, oxygen or hydrogen.
Furthermore, when a Zn0 filter was placed between the light source and the

Zn0 photoconductor, no essential change was detected in either the magnitude

of’ the photoconductivity or its decay time. Therefore, the fact that the
fiiter did not alter the photoconductive characteristics indicate that photon
energies less than the band gap gives rise to this photoconductive response.
The spectral dependence of the absorption constant and the photoconductive
response previously mentioned indicate that thie Lransient photoconductivity
observed 1s indeed a bulk effect. Furthemmore, several different semiconductor
filters, which cut off in the range of 1.5 to 3.0 eV were placed in front of
the pulsed light source. The observed behavior further substantiated the fact

that the transient photoconductivity has the same origin as the photoconductivity

(&)
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observed in the spectral dependence measurements carried out on the Perkin-
Elmer; i.e., the qualitative spectral dependence of the photoconductivity was
the same as that of Fig. 3-1.

Since the photoconductive current is carried by electrons, the photoconductive
decay will be determined by the length of time the electron is free in the
conduction band once it has been excited. The electron will remain free as
long as the accompanying hole remains trapped; once the hole becomes untrapped,
electron-hole recombination occurs very rapidly. Thus the rate of photocon-
ductive decay is determined by the rate at which holes can be freed from their

trapping states.

To gain some information on the nature and position of the hole traps two
experiments were carried out. In the first experiment, the decay time was
observed as a function of temperature in the absence of any background
illumingtion; the results are indicated in Fig. 3-2 and show that with in-
creasing temperature the decay time decreases. The functional dependence of

the decreasing decay time with increasing temperature was approximately
_ kT)
T = Q)ema<0d5/e

In the second experiment the decay time as a function of background illumination
was investigated (Fig. 3-3). The background illumination light source was a
tungsten lamp and the photoconductive decsy time was observed to decrease with
increased background illumination. Also using several semiconductor cutoff
filters, including ZnO itself, it was established that the photon energy which
produced the decrease in the decay time was slightly below the band gap value

(within several tenths of an eV).
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The tentative interpretation of the last two experimental results is as follows.
The exponential decrease of the observed decay time with temperature would
indicate a hole trapping level approximately .15 eV above the valence band.

As the temperature is increased fewer holes remain trapped and consequently

the electron-hole pairs can recombine more readily. Also, with increasing
background illumination the hole quasi-Fermi level will tend to move down
through the trapping level decreasing its effectiveness as a hole trap;

thus decreasing the electron-hole recombination time. The hole trap should

be a doubly negative charged site; its form is uncertain, but it may be a Zn

vacany or O in the lattice.

Table 3-1
SINGLE CRYSTAL SAMPLES

Sample Resistivity Carrier Length Electrode

Number Dopant  (300°K)  Concentration Thickness and Width Material Supplier
SW Excess 4 & om 2.5 X 101 1 mm 5 mm Gallium Minnesota

( 36400 Zinc cm=3 : or Mining and
/7)) (as Silver Manufactur-

grown) Paste ing Co.
cn s 10 T =3 . .

SWD Lithium ~10 Q 10" em 1 mm 5 mm Gallium Minnesota

( 36400 cm ' or Mining and
JHT) Silver Manufactur-

Paste ing Co.
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Section 4

STUDIES ON PARTICLES

L.0 GENERAL

The major portion of the experimental program has been concerned with
studies of particulate samples of zinc oxide. The emphasis on this type

of sample is especially appropriate in view of the particulate nature of
the pigments incorporated into thermal control paints. Since this program
is concerned with the effects of solar radiatioun on the optical properties
of the pigment exclusively, it has been necesssary to devise methods of
sample preparation which preserve the integrity of the zinc oxide particles
without significantly altering the original properties of the pigment.
Semples prepared by controlled pressing and sintering of zinc oxide powder
nave been found to adequately meet these requirements as discussed in

Sections 4.1 and L4.2.

Studies of the effects of solar radiation on particulate samples have

been performed in two modes: static ultraviolet exposures and in situ
measurements. The details of these experiments are discussed in

Sections 4.3 and L.4. The static experiments are useful for collecting

a relatively large amount of data in a routine manner. The in situ
method permits detalled investigation of such factors as recovery and the
influence of temperature and pressure, while maintaining the samples under
the irradiation conditions. Both types of data are necessary for the

formulation of a coherent model of the damage processes,

L-1

LOCKHEED MISSILES & SPACE COMPANY



In all of the studies involving particulate samples, the primary index of
demage was taken to be changes in the reflection spectra. The initial
reflectance spectra of all samples vwere measured using a Cary Model 1k
double beam spectrophotometer with an integrating sphere attachment. In
some cases, where data extending out to 2.5 microns was required, a Backman
DX-2 spectrophotometer equipped with an integrating sphere was employed.

The spectra obtained from the two instruments were found to be substantially

the same.
4.1 Sample Preparation

All particulate samples (except those specifically indicated) were prepared
from the same material: zinc oxide powder, supplied by Merck & Co., batch
nunber 52319. An analysis of the meterial, indicating the maximum impurit-

ies, is shown below.

Arsenic 0.0002%
Calcium and Magnesium 0.010
Iron 0.001
Lead 0.005
Manganese 0.0005
Insoluble in HQSOLL 0.01
Chloride 0.001
Nitrate 0.003
Prosphate 0.001
Sulfur Compounds 0.01

Maximum total impurities O.OKLT%

On the basis of this analysis, the zinc oxide utilized throughout this
program has a purity of better than 99.9%. In addition, samples

were prepared from New Jersey Zinc Co. SP 500, wnich has a nominal stated
purity of 99.90%. In respect to initial optical properties and benavicr
under static ultraviolet exposure, the samples prepared Irom the TWC
meterials were identical within the limits of the measurements, as shown in

Section L.b.

4-2
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The parameters involved in the preparation of the pressed particulate
samples include forming pressure, sintering temperature and sintering
atmosphere. The precise regulation of these parameters has been shown to
be of considerable importance for the preparation of samples with reproduc-
ible optical properties. The method used for the preparation of zinc oxide
samples throughout the course of this program is as follows: Three gram
aliquots of the Zn0 powder are weighed out, deposited in a one-inch diameter
stainless steel pellet die, pressed at the requisite forming pressure,
removed from the die, sintered under appropriate conditions, cooled, and
stored.

The major conceptual. problem invoived in the sample preparation procedure
is the production of reproducible, mechanically stable samples, composed of
Zn0 particles. It is felt that the zinc oxide in the composed samples
should be identical to the original powder materiasl from which they are
formed. Unfortunately, loose powder samples are not amenable to handling
and have no structural integrity. In this regard, pressed and sintered
samples provide an adequate compromise. Under mild forming conditions

the particles contained in the sintered samples have been shown to retain

their original geometry to a large extent.

The effect of forming pressure has been investigated in an effort to
ascertain the minimum pressure necessary for adequate compaction, as well
as to examine the effect of mechanical damage on the zinc oxide samples.
Experimentally, it was found that a minimum pressure of 10,000 lbs./sq. in,
was required for the formation of stable pellets, in the absence of any
binding additives. This forming pressure was used for the majority of

the samples. At higher pressures, a pronounced yellowing of the zinc oxide
throughout the bulk of the samples was found to occur. Figures [;.9 and
4-10 show the effect of forming pressure oun the reflectance spectrum of

zinc oxide pellets, before and after irradiation,  respectively. It can
be seen that the reflectance changes in an approximately linear fashion

with forming pressure. It is of particular interest that the changes in

4-3

LOCKHEED MISSILES & SPACE COMPANY



reflectance induced by mechanical damage (pressure) bear a marked resemblance
to the ultraviolet induced spectral changes, indicating that the damage

processes may be intimately related.

The forming pressure also has a pronounced affect on the specularity of the
samples. Sample pressed at 10,000 lbs/sq. in. appear highly diffuse,

while those formed at higher pressures assume a more specular appearance.

As the program progressed, it became of interest to study particulate
samples doped with copper. Zinc oxide doped with a nominal 0.1% copper

was prepared by coprecipitation as the mixed carbonate.

0.999 Zn(NO + 0.001 CuCl, + Na,CO, —s Zn Cu co3 (so11d)

3)2 3 999" ".001

+ 1.998 Na.NO3 + 0.002 NaCl

The precipitate was washed three times with distilled water to free it of
dissolved salts, and heated at 400 ¢ for six hours to decompose the

b .
carbonate hOOOC
-

Zn(Cu)co3 Zn(Cu)o + co,

In order to study the effects of the copper doping on the zinc oxide powder,

material was prepared in a similar menner without the added copper.
A1l particulate sample investigated are described in Table L-1.
4.2 Sintering Studies

Although the pressing operation performed on the zinc oxide powder forms

the material into pellets, they do not have appreciable mechanical stability
unless they are sintered. The effects of sintering temperature, time and
atmosphere have been investigated in an attempt to determine the mildest
cornditions compatible with adequate sample integrity. The criterion by

walch the extent of sintering was determined was surface area, as measured

Ll
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by nitrogen adsorption using the standard Brunauer-Emmett - Teller (B.E.T.)
technigque. The surface area of the unsintered zinc oxide was found to be

2 - . . .
3.54 m /gram, corresponding to an average particle diameter of 0.3 microns.

The effect of sintering temperature was determined by measuring the final
surface areas of samples sintered in air at various temperatures in the
range 5OO-lOOOOC, for times varying between 5 minutes and two hours.
Sintering at the higher temperatures resulted in a yellow discoloration

of the material, and pronounced distortion of the initial sample geometry.
Ihe’minimum temperature at which sintering could be detecied was found to
ve 600 °C. Sintering of the pressed samples at 600 °C for 15 minutes was
found to be the optimum combination of conditions. Surface area measure-
ments on six samples prepared in this manner indicated that the material had.
¢ specific surface area of 3.2 + 0.1 mg/gram. This corresponds to a
reduction of ld% in the surface area. These results indicate that in terms
of geometry, the material in sintered form is essentially the same as

the unsintered ZnO. Therefore, it can be expected that effects related

to the particle surfaces should not be altered by this sintering procedure.
The reproducibility of the sample preparation technique, as manifested by
the optical properties of the individual samples, is good. Reflection
spectra of samples prepared under the same conditions routinely agree

to within 1%.

Experiments relating to the effect of ambient oxygen on the optical
properties of the sintered material have demonstrated the importance this
parameter. though samples sintered at 600 oC in one atmosphere of air,
nitrogen and argon show similar reflection spectra, vacuwi sintcred Zn0
shows drastically different properties. Pressed pellets of zinc oxide
sintered at 600 oC for 15 minutes at a pressure of 1072 Torr appeared

dark gray with evidence of a substantial amount of free zinc on the sur-
face. In addition, metallic zinc was found to deposit on the cool portion

of the glass chamber containing the samples, (See Section L.4).
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These vacuum sintered samples were stored in vacuum in the dark until used.

The primary index of sample characterization throughout this program has been
the reflectance spectra of the samples. Although characterization of
particulate samples by means of electrical measurements (conductivity, Hall
Effect, Seebeck coefficients, etc.) was considered, it was felt that this
approach would be unfruitful due to the idiosyncrasies of non-single-

crystal samples. Measurements of this type appear to be risky, at best,

and provide relatively little insight into the properties of the bulk

material.
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Ultraviolet irradiation tests on sinteresd zine
reflectance messurements were con o ocbad In an a

purpcse under this contract. Yo our inowledge,

devised with the capability for measuring

violet irradiabtion in wvacuum.

Appendix B. Reflectance, either bi-directional

criterion Tor optical proper

~ e e ey e
the standard

varticulate samples

fu

Hence, a change in reflectance is necescarily a

’L]

transmittance. The tests are poerlomed on sta

dises, formed at 10,000 psi and sintecred at GO0

oxide with in situ bi-directional

paratus constructed for that

Ior the region 0.3 to

lUH,_)u

this is

or

cian jrse:

ey

VTS

the first apparatus

reflectance during ultra-

escribed in detail in

mal, is taken as the
2.0 microns,
4 . N

(~0.070") o be opagque.

in absorptance, not

ndarda particulate zinc oxide
[
\

samples are irradiated in vacuum at a lamp-to-sample distance of 3.5 in. for

neminasly 50 hours. The sample temperature is
nearly constant.

this contract, zinc oxide samples are

at thnree or more temperatures distributed over

To date o complete tegst has been peovlormed on o semplc main

during lrradiation.

room temperature, bub

of the optical system during purt o Uhe run)

data obtained. However, thne in o

5

O add

the irradiation, are valid.

crmpiete tests on

nitrogen temperature will be conducted nnd reported in

report.

»

controlled and maintained

Temperatures from - 300°F to S00°F may Dbe acnieved.

thi

nave

Theoo data wre also
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10 Dbe exposed to ultraviolet radiation

3 range.

tained at 500°F

A test was completed at

rs {(due to possible movement

thrown doubt on some of the

nage recovery in alr, following

samples mointzined al room Lemporature and near liguil
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Sample Temperature Effects

Measurement and control of sample temperature throughout the test period,
including the time before and after irradiation, are important in the in
situ evaluation of optical property changes. Zinc oxide in vacuum exhibits a
decrease in visible and infrared reflectance with increasing temperature.
In addition, there is the well-known shift in the absorption band edge. to
longer wavelengths with increasing temperature. In order to determine the
ultraviolet-induced changes in spectral reflectance of a sample at a given
temperature, one must also determine the spectral reflectance of the sample
at the same temperature but without irradiation. The first problem in this
determination is the measurement of sample temperature, particularly during
irradiation. The approach taken is discussed in detail in Appendix B. The

method used to control sample temperature is also discussed.

le to high incident heat fluxes. As a result,

ﬁhging the sample to 500°F or maintaining it at
room temperature is as follows. [he A-H6 is started with the sample initially
at room temperature; the sample t-.ilc heater (or coolant flow) is regulated to
produce the desired steady state sample temperature. Once steady state is
reached bi-directional reflectance measurements are made. The change in
reflectance due to ultraviolet irradiation is taken as the difference between
the measured reflectance and that measured on another unirradiated sample at
the same temperature. The determination of in situ bi-directional spectral
reflectance of unirradiated standard samples has been completed for the range

. ) Oy e e . T
of temperatures from TO°F to L4OCF for the visible region of the spectrum.

.This data is presented in Figure L-1. The same messurements for the range

—3OOOF to 7OOF and also the infrared portion of the spectrum for the full tem-
perature range will be reported in the forthcoming addendum. For a given sample,

the bi-directional reflectance data for YOOF in vacuum are normalized with

k-9
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respect to the initial normal refiectance measured on the Cary spectro-
photometer by setting them equal at 0.6 microns (except where otherwise indi-
cated)- All bi-directional data taken in the same test are subsequently
adjusted by the same multiplying factor. See Appendix C for a more detailed

explanation.

Referring to Figure k-1 it is clear that there is a definite shift of the ab-
sorption band edge toward longer wavelengths and a decrease of the visible
revlicotance due to increasing temperature. The wavelengtn of the true absorp-
tion band edge is observed to be only a function of sample temperature. In
situ bi-directional reflectance measurements have shown that neither vacuum
nor ultraviolet irradiation have an effect on the band edge during or after
irradiation except to the extent that sample temperature is affected. In
fact, the band edge location may serve as a convenient check for sample tem-

perature measurements. It can be seen in Figure L4-1 that a small band edge

shift produces a large percentage on

nge in spectral or bi-directional re-
flectance at a wavelength in the region of the edge. The observed temperature-

dependence of the band edge is similar to that reported in Ref. 33.

Exposure at S500°F

After evaluating the magnitude of the effect of temperature and vacuum on the
spectral reflectance of unirradiated zinc oxide, an ultraviolet exposure test
was performed on a sample mainbained at 4OOOF * 209F. The chronological varia-
tion of spectral reflectance up to the termination of the 54 hour irradiation
period is shown in igure h-2. The variation of spectral reflectance from the .
end of exposure Lo the final measurement with the Cary Spectrophotometer is
shown in Figure 4-3. All of the bi-directional rellectance data on both
Figures L-2 and 4-3 are normalized with vespect to the initial Cary reflectance

curve at 0.65 microns.

LOCKHEED MISSILES & SPACE COMPANY
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The initial bi-directional reflectance at TO°F in vacuum is lower than the
Cary reflectance in the regions O.4 to 0.6 microns and 1.6 to 2.4 microns.
This departure from the Cary meagirement is repeatedly obsexved (also see
Figure L4-1) for bi-directional reflectance measurements taken in vacuum, but
not for those taken in air. Checxs have been made to ensure that these depar-
tures were not associated with mechanical displacement of the optical system
during pump-down. It is probable that this observation 1s related to the

desorption of oxygen from the zinc oxide, and is not instrumental.

Ten minutes after initiation of ultraviolet irradiation, a full reflectance
spectrun was measured. Referral to Figure L-2 indicates that the band edge
has not fully shifted, so the sample has not quite reached steady state
temperature. The visible reflectance has decreased from the room temperature
values. However, comparison of this data to that for a 440°F sample in

Figure L-1 indicates that this decrease is largely if not completely due to
the increased temperature under irradiation. The spectral dependance of the
infrared reflectance ten minutes after initiation of irradiation is unexpected,
in that it does not have the same general form as the remaining infrared
reflectance gpectra. As yet this is not explained, but may be connected with

the rapid change in sample temperature during this run.

The last two bi-directional reflectance spectra show a progressive and definite
degradation of sample reflectance with continued irradiation. The total
degradation is only slightly greester in the visible range than in the infrared
if the lowest reflectance curve (after 49 hours irradiation) is compared to

the initial room temperature refiectance. However, the relative rates of
degradation in the visible and irvared cannot be meaningfully compared be-
cause of the one irregular infra:~d spectrum discussed above. Further data

on degradation rates will be obte 2.

L-1lh
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After 54 hours of irradiation the lamp was extinguished and “recovery"
measurements made. The first post-irradiation spectrum was recorded one hour
after stopping irradiation; sample temperature had decreased to 435°F. For

the second post-test spectrum, taken 23 hours after the termination of radia-
tion, the sample temperature is approximately that maintained during irradia-
tion (LYOPF). ©Note that there has been no recovery in the infrared region

(l.h to 2.4 microns), but there appears to have been significant recovery in
the visible and very near infrared. Furthermore, the visible recovery occurred

primarily during the first hour after irradiation ceased.

The final spectrum in vacuum, taken 25 hours after irradiation is terminated
and after the sample had cooled to room temperature, is essentially identical
to those taken one hour (at 4,350F) and 23 hours (at L9OOF) after termination
of irradiation. The only significant change is the shift in the band edge,
which is due to the decrease in sample temperature from LQOOF to 1200F.

This spectrum does indicate that the significant decrease in visible reflec-
tance due to increasing temperature shown in Figure 4-1 is not reversible
after zinc oxide has been irrediated in vacuum. These data do not demonstrate
that the irradiation is a causitive factor in producing this irreversibility,
however. More data for samples irradiated at elevated temperature is required

to explain the nature of this observed recovery of reflectance.

From these three spectra, it appears that very little reflectance recovery
occurs in vacuum, at temperatures from 4900F to TOOF, for many hours after the
termination of irradiation, except for a very Tast initial increase in the

visible reflectance.

After 26 hours in vacuum and comparative darkness, the damaged sample (having
reached room temperature) was re-exposed to air. Fifteen hours later the
bi-directional reflectance was measured. After an additional six hours the
final normal reflectance was measured on the Cary spectrophotometer. These

final two spectra indicate that significant recovery of spectral reflectance

L~15
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has occurred upon re-exposure ©f +he sample to alr. The total recovery is
generally uniform in the visivie snd infrared, however insufficlent data was
obtained to determine if there were differsnt recovery rates in the visible

and infTrared during the [First wmoments of exposure to alr.

The Tact that the final infrarcd reflechtance measured as bi-directional
reflectarnce was higher than the noimal reflectance measured on the Cary was
certainly not expected. Furtuer tests will be performed to clarify this

behavior.

Additional Damage Recovery Data
o

In addition to the data presented in the preceding paragraphs, there is more
evidence to substantiate the occurrence of recovery of optical properties when
irradiated zinc oxide is re-exposed to air. Data on static ultraviolet tests
presented in Section 4.4 and especially Figure 4-6 show the effect of long
post-irradiation pericds in air oo the spectral reflectance of standard

particulate samples irradiated in vecuum.

e

Further important data are provicod in the ultraviclet irradiation tests of a

zilectance measurements. The data are

room temperature sample with in situ ¢
shown in Pigure 4-h. Tic second set of in situ data taken after air admission
are normalized with respect to ti. Cury normal reflectance at 1.6 p. The
lowest in situ reflectance curve .ze obuvained one-half hour after admission

of air to the chamber. he next _lgier was obtained three hours later, the
Cary less than one hour after that and the final bi-directional reflectance

curve eignt days latler.

"Recovery" of approximately uniforn nagunitude occurred vetween the first and

secornd in situ spectra at oll wavclenguhs longer than the band edge. The

Y

Cary reflectance is no higher in the inlrared, but significant additional

G PO
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recovery‘has occurred in the visible. The final bi-directicnal reflectance
spectra on the same sample, in air, affirms the change in character of the
spectral reflectance between the second in situ and the Cary reflectance
curves. This requires further investigation; 1t may be attributable to the
intense tungsten source in the Cary used to illuminate the sample. This
source will tend to bleach the ultraviolet degradation in zinc oxide. In
taking the normal reflectance data, the Cary spectrophotometer scans from

L

1.8 microns to 0.3 microns. The bleaching effect of the tungsten source will
therefore tend to affect the visible data (which is measured last) more than
the infrared. This could explain the apparent large difference between the
bi-directional and Cary data in the visgible region. The fact that the Cary
curve was reproduced eight days later by the bi-directional reflecténce data
indicates that no further significant bleaching occurred after exposure to

the tungsten lamp in the Cary.

The Implications of this effect on ceneral pre-~ and post-test spectral reflec-
tance measurements to evaluate environmental degradation are potentially far-
reaching. The impact on procedures used in this zinc oxide study is not great,
because the post-test Cary measurements are regarded as qualitative. The use
of post-test reflectance measurements allows exposure of the sample to too
many potential causes forvdamage recovery; such measurements are clearly in~
adequate for the generation of quantitative data on radiation damage of zinc

oxide. 1In situ measurements are mandatory.
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L4 STATIC ULTRAVIOLET IRRADTATION TESTS

Ultraviolet irradiation tests without in situ optical property measurements
are termed "static" tests in this report; information on sample behavior is
based on before-test and after-test examination of the sample. These tests
are performed with the spparatus described in Appendix C. Static tests were
performed on particulate zinc oxide samples, under various test conditons,
throughout the last elght months. Before proceeding to presentation of the
data, a few comments qualifying the value of static exposure techniques are

in order.

The in situ bidirectional reflectance data presented in Section 4.3 indicate

that significant post-test "recovery" from ultraviolet demage, as measured by
decrease in sample reflectance, occurs upon exposure of the damaged samples to
air. Through prompt post-test measurement of reflectance with the Cary or Beck-
man spectrophotometer, the effect of such "recovery'" on evaluation of the damage
is minimized. In practice, the elapsed time between opening the vacuﬁm chamber
to air and the measurement of the last of a series of samples has been no longer
than one hour. It must be kept in mind however, that in this first hour of ex-
posure to air, it is very likely that measurable recovery occurs. Valid quali-
tative data are gained, but precise quantitative data are difficult to obtain.
As an example, two samples were prepared and irradiated under nominslly identi-
cal conditions. One (TP-14872AB) suffered a 12 percent decrease in spectral
reflectance at 0.45u, the other (TP-1LS50TAA) a 8 percent decrease. The first
pPost-test measurement was perforned within one hour after exposure to air,

and the second within two hours afier exposure to air. A probable explanation
for the apparently different behavior of the two samples 1s the different time
that each sample was allowed to recover in alr before being measured. Never-
theless, through static tests valuzble information has been obtained of the
influence of sample preparation and ulitraviolet exposure parameters on the
behavior of particulate zinc oxide during irradiation. With these qualifica-

tions in mind, it is now appropriate to review the results of the static tests.

h-19
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The basic parsmeters considered in the static tests have been the preparation
conditions (forming pressure and sintering atmosphere) and the exposure condi-
tions, (pressure, semple temperature and irradiation spectrum). The data pre-
sented is representative of each condition. All of the tests have been repeated
with more thén one Sample. A full tsbulation of test-samples and test conditions
are presented in Table 4-1. Unless otherwise specifiéd, the test parsmeters of

the static exposures are:

(1) Irradiance Source: A-H6 (PEK Labs Type) Lamp

(2) Distance of Sample from Lamp: 3.9 inches

(3) Sample Temperatures from 100 to 125°F

(4) Pressures of 2}:10'7 Torr except during initial ultra-
violet exposure, when sample and chamber wall "outgass-

5

ing" causes pressures as high as 1x10 ° Torr.

Standard Samples

Figure 4-5 shows the spectral reflectance of a "standard" particulate zinc oxide
sample from 0.3 to 20 microns. A standard sample is prepared by forming at

10,000 psi in air for L minute and then sintering at 600°C in air for 15 minutes
(Section 4.2). The spectral reflectance of these standard samples before irradia-
tion was found to be highly repeatable, that 1s within 1 percent in the range 0.3
to 1.8u throughout the program. For wavelengths larger than 1.8u particulate

zinc oxlde is significantly transparent, so the reflectance is affected by sample
thickness (Ref. 20). Two different sample thicknesses are depicted to show this
effect. Spectral reflectance for ssmples prepared under the same forming and
sintering condition of SP-500 zinc oxlde are identical to these reflectance curves
for the interval 0.3 to 1.8 microns. Comparative measurements were not taken at

longer wavelengths.

Standard Samples - Standard Exposure

Standard samples and samples made of SP-500 zinc oxide exposed to ultraviolet
irradiation in vacuum for 67 hours underwent decreases in reflectance as shown

in Figure L-6., It can be seen that the reflectance decrease is a maximum near

420
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the absorption band edge at 0.4 microns. The decrease is less in the visible
and near infrared region, but becomes greater in the region of 1.5 to 1.8 mi-
crons. Data on the Beckman to 2.6 microns shown in Figure 4-10 shows the de-
crease in reflectance becomes still larger in the region 1.8 to 2.6 microns.
Three post-test reflectance curves are presented to show the range of varia-
tion in measured reflectance due to sample variation and more importantly to
"recovery" time in air between cessation of exposure and final measurement.
Tests are underway to evaluate the variation in degradation due to a range

of sample irradiances. These tests will be covered in a forthcoming addendum

to this report.

Standard Sample - Filtered Exposure

Standard samples were irradiated in vacuum simultaneously with those reported
above, but behind selective wavelength filters. The normal transmission char-
acteristics before and after the test are shown in Figure L4-7. One filter
(microsheet) transmits radiatior ~r wavelength longer than 0.3 microns. The
other (approximately equivalent %o Corning filter #3-73) transmits radiation
of wavelength longer than 0.4 microns, that is radiation less energetic than
the band gap energy for zinc oxide. The effects of thils selective wavelength
irradiation are shown in Pigure 4-8. As expected, the samples protected by
the 0.4 micron cut-on filter showed relatively slight damage increasing in
the near infrared. It is significant that the seamples protected by the 0.3
micron cut-on filter show less damage thaen the unprotected samples in the
visible region, but more in the infrared. The implications of this are dis-

cussed in Section 6.

Standard Samples - Exposed in Air

Standard samples exposed to 88 hours of ultraviolet in ambient air did not
show any change in spectral reflectance. Consequently, no data on this test

are presented in graphical form.
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Effects of Sample Forming Pressure

The effect of forming pressure on the spectral reflectance of irradiasted samples
is shown in Figure 4-9. Samples were pressed at pressure from 10,000 psi to
100,000 psi, in air, and sintered at 600°C in air. The reflectance of the same
samples after 100 hours of irradiation in vacuum is shown in Figure 4-10. Note
that the decreases in reflectance due to increased forming pressure and to ultra-
violet radiation are in the same spectral regions. The magnitude of the spectral
reflectance decrease was found difficult to reproduce consistently because of
the large variations In local pressure on any sample at high forming pressures.
Consequently, depending on the exact small region of the sample viewed by the
Beckman,‘the effect of pressure and ultraviolet varied considerably. However,
these variations were generally small compared to the overall trend shown in

Figures 4-9 and L4-10.

Effects of Sintering Atmosphere

Particulate samples prepared at a forming pressure of 10,000 psi and sintered
at 600°C in various atmospheres were exposed to ultraviolet irradiation in
vacuum and in air. Those samples sintered in air, nitrogen and argon exhibited:
(1) the same initial spectral reflectance, (2) the same magnitude of spectral
reflectance degradation when irradiated in vacuum, and (3) no degradation when
irradiated in air. Therefore, Figure L6 is representative of all these con-
ditions. On the other hand, samples sintered at 600°C in a residual air pre-

2 3

sure of 107~ to 10 ” Torr exhibited markedly different characteristics. When
irradiated for 88 hours in air, the vacuum sintered samples showed a marked
increase in reflectance in the visible region, but only a slight increase in

the infrared.

These results are shown in Figure 4-11., Similar samples sintered at approxi-
mately 10_3 Torr and irradiated in vacuum for 67 hours showed only a slight in-
crease in reflectance at all wavelenghts. This result is not surprising, con-
sidering the relative lack of oxygen in the vacuum irradiation test (See Sec-

tion 6). These results are presented in Figure L4-12. The vacuum sintered

=26
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samples for which spectral reflectance data is presented in Figures 4-11 and
L_.12 have different spectral reflectances before irradiation. The sample pre-
sented in Figure 4-11 has higher reflectance throughout the infrared region
then that presented in Figure L4-12. At this time no particular significance

can be attached to these differences. Although all vacuum sintered samples

were prepared in nominally ldentical fashion, it is recognized that sintering
oven pressure variations and temperature gradients through each sample can

have marked effects. Variations in surface appearance, not only between samples

but on the same sample, have consistently occurred.

Cu/Zn0 Samples

Samples prepared by co-precipita.ing copper and zinc oxide as described in
Section 3.1, were irradiated for 67 hours in vacuum. The pre-and post-test
spectral reflectance data are presented in Figure 4-13. The effect of the 0.1%
copper doping is to lower the initial reflectance throughout the visible and
infrared. However, the ultraviolet stability of copper doped samples is markedly
better than for the pure zinc oxide. For comparison with the copper doped sample
spectral reflectance two undoped zinc oxide spectral reflectance curves are pre-
sented. One is of the standard sample, and the other is for undoped, precipita-
ted zinc oxide prepared in identical fashion to the copper doped sample. The
ultraviolet irradiation of the undoped, precipitated sample has not been per-

formed as yet. The results of this test will be included in the final report.
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Section 5
BAND STRUCTURE STUDIES

A thorough understanding of the electronic energy band structure (Ref. 21)

of a crystal is a necessary prerequisite for the detailed interpretation of
many importent transport and optical properties. We have, therefore,
initiated theoretical band structure studies of Zn0 to complement the experi-

mental progranm.

To the best of our knowledge, no serious attempt has previously been made
to elucidate the electronic band structure of Zn0. We thus feel that our
efforts will prove to be both useful and unique. Although the results to
be presented here are of a preliminary nature, a number of interesting

inferences can be made on the basis of this work.

The initial atfempt to determine the band structure of Zn0 was based on
the pseudopotential method, (Ref. 22). The essential feature of this
approach is that it provides a parametrized form of E(E) throughout the
entire Brillouin zone. The correct band structure is then obtained by
adjusting the parameters so that certain features of the calculated band
structure agree with experiment. At certain points of the zone, for
instance, one might choose to fit experimentally determined band gaps, or

individual band slopes or curvatures.

Our pseudopotential calculation was carried out for several points of

high symmetry in the Brillouin zone using five parameters and an average of
about twenty plane waves. Proceeding on this basis, it was not possible to
obtain an energy band scheme in agreement with the relevant experimental

data. This was initially somewhat puzzling, since in the case of the
5-1

LOCKHEED MISSILES & SPACE COMPANY



column IV semiconductors only three pseudopotential parameters are needed
to obtain excellent results. The key to this difficulty is likely to be
found in some recent work by Falicov and Golin, (Ref. 23). In a paper
reporting on an investigation of the band structure of the group-V semi-
metals, these authors made an interesting speculation concerning the con-
struction of pseudopotentials. If their procedure is adapted to the
wurtzite-type crystals, it would imply that approximately fifteen
pseudopotential parameters are needed in this case. The parametrization of
the band structure is thus'very complex for wurtzite-type crystals.
Furthermore, because of the paucity of experimental band parameters for
Zn0, there is clearly insufficient information available to fit such a
large number of parameters. The pseudopotential calculation was therefore
temporarily put aside for a more promising method. However, we did gain a
great deal of physical insight into the ZnO band structure problem in the

course of this initial study.

In particular, it became evident that the band structure of Zn0 should
be quite similar to that of ZnS. Both compounds crystallize in the
wurtzite structure, have nearly the same c/a ratio, and 16 valence
electrons per unit cell. Furthermore, sulfur is adjacent to oxygen in
column VI of the periodic table and both elements have only s and p
valence states occupied. The direct band gaps at k = (000) are similar
in ZnS and ZnO (3.94 and 3.44 e.v. at O %k respectively), and exciton
studies of Dietz, Hopfield and Thomas (Ref. 24) have given a band

edge structure for ZnO at k = (000) which is identical to that determined
for ZnS by the exciton studies of Wheeler and Miklosz3 (Ref. 25). This
latter work is also in agreement with the band edge ordering calculated
for ZnS by Herman and Skillman (Ref. 26) using the orthogonalized-plane-
wave (OPW) method.

During the course of hie early investigation of ZnS, Herman studled the
behavior of the energy bands when all of the core energy levels are shifted

by & common amount - the so-called "core shift". The core shift was

5-2
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originally intended as a diagnostic device; however, it can be used to
great advantage to relate the band structures of similar systems. Stated
briefly, certain energy band levels are extremely sensitive to changes in
the crystal potential while other levels are relatively insensitive. As
one proceeds in a systematic fashion through a series of closely related
crystals, it i1s the shifts of the sensitive levels which provide the most
significant changes in the electronic properties throughout the sequence.
As an example, Phillips (Ref. 27) has shown that the band structure of Si
can be obtained from that of Ge by application of a suitable core shift
to the band structure of Ge. Thus, given a band structure and the know-
ledge of how the important valence and conduction bands vary as a function
of the core shift we have, in fact, an "adjustable" band structure

which can be chosen to determine other, closely related band structures.

This describes the "method of corresponding states."

We have carried out this core shift procedure and have succeeded in
obtaining the band structure of ZnO from that of ZnS thereby. The results
of this calculation, given in Fig. 5-1, were obtained by using that core
shift yielding the correct direct gap at k = (000). Of interest here

is the relative flatness of the upper valence bands, the presence of a
subsidiary conduction band minimum at K, and the presence of a valence
band meximum at H. The nearly parallel conduction and valence bands
along the A-H axis should give rise to a marked increase in the optical
absorption at »~ 5.5 - 6.0 e.v.

The reliability of our results, of course, can be no better than that of
the ZnS calculation used as a basis for this work. The photoemission
studies of Kindig and Spicer (Ref. 28) on CdS add to our confidence here.
For many of the same reasons already noted, the band structure of CdS3
should ve similar to both that of ZnS and ZnO. These authors have shown
that the valence and conduction band densities of states are in good
agreement with Herman's ZnS calculation. We do expect, however, that a
self-consistent band structure calculation may lead to results which dirffer

from Fig. 5-1 in some respects.
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For the sake of comparison, the free electron (or "empty lattice™") band

structure (Ref. 29) for wurtzite-type crystals is given in Fig 5-2. This
represents the band structure in the limit of zero crystal potential. As
the crystal potential is "turned on" on its true value, the free electron

bands evolve into the actual band structure as shown in Fig. 5-1.

Another interesting comparison is given in Fig. 5-3. Here we have compared
the energy levels at the center of the zone ({") as given by three
different methods: the free electron model, our preliminary results for
the band structure, and a tight binding model (to be discussed below). In
the left hand column, we have taken the set of plane waves corresponding to
each degenerate eigenstate and have formed linear combinations (designated
by f? ) transforming as the irreducible representations of the group of the .
wave vector k = (000){Ref. 30). In this way, it is shown how the free
electron levels split as the crystal potential is "turned on" and the
correspondence between the free electron and actual band structures at

is established.

In the right hand column, we have assumed that the electronic wave
functions are simply the orbitals of the constituent neutral atoms. The
energy levels were obtained from the work of Herman and Skillman (Ref. 31).
This would serve, forlinstance, as the starting point for a linear-
combination-of-atomic~orbitabls (ILCA0) calculations, (Ref. 32) As in

the case of the plane wave states, we have taken the atomic orbitals
corresponding to each degenerate eigenstate and have determined linear
combinations transforming as the irreducible representations of the group
of the wave vector k = (000). In explanation of the notation used
here,i5~s, Zéjz identifies the ks states of the two (subscript) Zn atoms
in the unit cell.

In both the free electron and tight binding cases, states having the

same irreduciblé representation will be mixed as the crystal potential is
"turned on". The lowest conduction band is thus a mixture of Zn Us-orbitals
and O Zp-orbitals as is the second highest valence band. The highest

o=5
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Figure 5-2 Wurtzite Free Electron Band Structure

Free electron band structure for close-packed hexagonal or wurtzite-type
crystals, drawn for the ideal c/a ratio. The heavy lines denote the posi-
tions of the highest valence band and lowest conduction band for crystals
having 16 valence electrons per unit cell. The dots denote the degeneracy of
each band (not including spin degeneracy) and the shaded region‘shows the

band gap.
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Figure 5-3 Comparison of Band Structure Models at Center of Brillouin Zone
Comparison of the energy levels as given by the free electron, tight binding,

and "actual" band structure models at k =
band lias been chosen as the zero energy for all three models.

(000) « The top of the valence

Numbers in

parentheses denote the degeneracy of the levels, including spin degeneracy.
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valence band arises from O 2p-orbitals.

Our assignment of an atomic orbital character to the various bands is
subject to the following limitations. In the first place, we have neglected
all states of higher (or lower) energy than those indicated. We can
therefore expect that the energy bands of interest (subject to the rules of
group theory) will contain small admixtures of these states. Secondly,

the 3d levels of Zn, which lie between the oxygen 2s and 2p levels, have

for the sake of simplicity been treated as core rather than valence states.
Actually, the 3d orbitals fall into a class that is between true "core
states” (virtually no nearest neighbor overlap) and "valence states"
(significant overlap). Finally, the atohic character of the bands will

vary somewhat as k varies over the Brillouin zone.

The energy band structure of ZnO has been examined in a preliminary manner
on the basis of four different theoretical models: the method of pseudo-
potentials, the method of weak binding, the method of tight binding, and
the method of corresponding states. The pseudopotential method was used

to gain some physical insight into the nature of the band structure. While
it was found that insufficient experimental information was available at
present to make possible a detailed band calculation on the basis of the
pseudopotential method, the work we carried out led us to the conclusion
that the band structures of Zn0 and hexagonal ZnS were probably closely
related, and that the former could be deduced from the later by the method
of corresponding states. Starting from an earlier study of the band struct-
ure of hexagonal ZnS by Hermen and .Skillman, and making suitable
adjustments in scale, an energy band model for Zn0 was derived, Thc
plausibility of the derived model was then tested by tne method of weak
binding (nearly-free-electron model) and by the method of tight binding
(LCAO model). These tests indicated that our derived band structure for
Zn0 was probably & good first estimate. Further work in this area may
prove to be quite valuable because of the crucial role that the energy band
structure can play in estimating the energy levels of both surface states

and bulk defect state. In order to put this work on a firmer theoretical
5-8
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foundation, carrying out detailed first-principles self-counsistent energy
band calculations for ZnC using the method of orthogonalized plane waves

in the near future is under consideration.
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Section 6

DISCUSSION

During the course of this program, the primary characterization of the solar-
radiation-induced damage to zinc oxide has been made in terms of the changes
in optical properties of the samples. The relationships existing between the
zinc oxide employed in this work and the material employed in thermal control
paints is of particular interest. Although no binder materials were included
with the pressed and sintered samples, the reflectance spectra were found to
be quite similar, over the wavelength range of 0.27u to 2.5u, to those of zinc
oxide paints. This cobservation,in connection with the findings that the
average particle sizes of the original zinc oxide powder and the sample com-
pacts were approximately the same,indicates that the sample preparation pro-
cedures did not alter the properties of the material to an appreciable extent.
Therefore, 1t 1s to be expected that, exclusive of binder effects and pigment-
binder interactions, the damage processes observed in this study are similar
to those qccurring in zinc oxide paint systems. The relative simplicity of
the pure pigment system has led to a better understanding of those processes
characteristic of the pigment, without the added complexities of pigment-

binder interactions.

Throughout the course of the experimental studies, one overriding trend in the

+

data has been apparent: wos®t of the changes in the optical properties of zinc

oxide appear to be connected with the loss and gain of oxygen by the crystal.

This is borne oul not only oy tne results of irradialion in vacuum and air,
but also by the changes in optical properties induced by sintering in vacuum.
Evidence in support of this point lies in the observation that both the
ultraviolet-radiation-induced damace and mechanically-induced damage can be

reversed by exposure to air. These results emphasize the need for in situ

6=l
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measurements of sample reflectance, since recovery and bleaching effects

greatly limit the quantitative significance of post-exposure reflectance

measurements.

A major portion of the effort in this program has been devoted to development
of the in situ bi-directional reflectance measurement and ultraviolet exposure
apparatus, and to learning the strengths and limitations of this new analyt-
ical tool. Excessive quantitative importance should not be attributed to the
preliminary in situ data accumulated to date; however, the trends and qualita-
tive behavior observed are extremely significant. Further exposures with in
5itu measurements will play a crucial role in the construction and evaluation
of a model for the mechanisms of optical damage. Because of the complications
involved in observation of the spectral and temporal dependence of recovery,
in situ measurements are mandator; for accurate determination of the kinetics
of damage and recovery. In situ tesls afford much greater flexibility than
static tests involving only pre- and post-test property measurements. For
instance, conditions can be altered during the course of a run as a result of
data being obtained. In addition, the in situ tests provide a means for
observing behavior of samples when in the simulated orbital environment, and
thus are the best practical means for observing phenomena predicted on the basis

of a postulated damage model.

Of particular importance in didgnosing the degradation effects in ZnO are the
characteristics of the degradation observed in various spectral regions. 1In
most of the degradation observed, a "gray" absorption occurs throughout the

spectral range studied (0.4 — 1.8 u). This absorption is very likely due to

revvy AP T S
o s A

n 1o 1~ Ao~ S+ 41
s A Ay rY

orm. Such a depositv has been observed in the

vacuum chamber and is an expected consequence of the degradation process. In
addition to this "gray" absorption, additional damage-induced absorption occurs
in the 0.4 — 0.6 micron ("visible") region and in the 1.0 — 2.6 micron ("infra-

red") region.
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Samples damaged by ultraviolet irradiation in wvacuum, and by vacuum sintering
both develop marked absorption in the visible and infrared regions, as well as
exhibiting the generalized lowering of reflectance throughout the spectral
range studied. Samples damaged mechanically by means of high forming pressures
also exhibit damage in the same regions, which is further enhanced by irradia-
tion. The qualitative similarity among the various types of damage strongly
suggests one common underlying cause, which appears to be the presence or

absence of oxygen.

The first experiments to be discussed are those involving filtering of the

damaging radiation source. Two filters were used, a yellow filter and a pyrex
filter. The yellow filter cut off radiation below 0.L0 u and has a 50 percent
transmission near 0.425 p, and the pyrex filter cut off radiation below 0.28 u

with a 50 percent transmission at 0.32 u (see Sec. h.k).

The yellow filter removes all radiation with energy greater than the band gap,
and in this case only damage in tiie infrared was produced. The pyrex filter
passes significant amounts of radiation with energy greater than the band gap,
and in this case visible damage or-eurred and increased infrared damage was
observed. The unfiltered radiation produced increased visible damage but less
infrared damage in comparison to the results of the pyrex filter. The lack of
visible absorption in the O.4 p filter run and its subsequent increase with
increasing intensity of band gap radiation in the other filter runs indicate
that this damage requires band gap radiation. Because band gap radiation is
absorbed very near the surface (<0.1 11) the visible absorption is presumably

associated with damage generated near the surface.
Since the yellow filter only passes radiation with energies less than the band
gap, this radiation is rather pencirating, and the infrared damage resulting

from this radiation must, therefore, be generated in the bulk of the particles.

By penetrating radiation is meant radiation which can penetrate deeply into

6-3
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the bulk of the particles because of its relatively low absorption coefficient.
This experiment only shows that the damage is generated throughout the bulk of
the particles. The resulting infrared absorbing species may not necessarily,

on the basis of this experiment, reside throughout the particle.

In comparison to the yellow filter, the pyrex filter passes a greater amount

of radiation less than the band gap (penetrating radiation) in addition to
passing radiation of energy greater than the band gap. Apparently this
increased penetrating radiation increases the infrared damage. The relatively
large change in infrared dmage produced by radiation between the absorption
edge and 0.425 microns would indicate that the radiation producing the infrared

damage 1s rather near the absorption edge in energy.

The relative decrease in the infrared absorption with no filtering is presumably
the result of a self-filtering action which comes about from the increased
visible damage for this case. The lack of the "gray" absorption in the yellow
filter run and its appearance in the other runs indicates it also required

band gap radiation.

The next important series of experiments are those involving the ultraviolet
irradiation in alr of vacuum sintered samples which show recovery in the wvisible
region, but not in the infrared, after exposure. Because the visible absorp-
tion observed in vacuum sintered osamples and samples degraded by ultraviolet
radiation are similar, the disappearance of visible absorption by bleaching a
vacuum sintered sample would indicate that this visible absorption and its
elimination is primarily a surface phenomenon. Also the lack of bleaching in
the infrared would i rayred damage 1is located in the bulk;
its bleaching would presumably requirc a much longer time because of the

requirement for a diffusion process.

The next related series of experiments we wish to discuss involve the time
dependence of the ultraviolet-indiced degradation and its recovery both in the

visible and infrared regions; these are the ultraviolet exposures performed

6-L
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with in situ bi-directional reflectance measurements (Sec. 4.3). Both the
500°F and 100°F exposures show that in the visible region, the time dependence
of the ultraviolet damage is characteristic of the time dependence observed in
the slow photoconductive process, which is due to the adsorption and desorption
of oxygen. In the 500°F exposure, the damage in the visible region appeared
to have a rapid partial recovery in vacuum upon cessation of irradiation.
After this fast behavior, no further recovery in vacuum was observed. This
effect is presumed to be connected with the rapid return of residual oxygen

to the surface upon removal of the incident radiation. This again is similar
to the slow photoconductive process. The infrared absorption in the 500°F
exposure, like the visible absorption, increases and reaches a saturation
level during irradiation; however, no essential change was observed in vacuum
when the irradiation was stopped. It must be noted that the comments on
sample damage recovery are based on limited data; further evidence is required
before any final conclusions are in order. However, 1f this recovery pattern
is firmly established, then it supports the thesis that the visible damage'
occurs close to the surface, whereas the infrared damage is more of a bulk
phenomenon. Recovery was observed to some extent in both the visible and
infrared regions upon exposure of the samples to air. The kinetics of this
process will be more closely followed in the future tests; we would expect
that admission of air to the degraded systems would result in a more rapid
recovery in the visible than in the infrared because of the postulated re-

quirement of a diffusion process “or the latter.

The last experiments to be mention~d hiave just been initiated; these are the
studies of particulate samples of copper-doped zinc oxide (see Sec. L.1).
These studies were based on consideration of certain aspects of the damage
model (Sec. 2.6), and on the observed behavior of single crystals doped with
copper and lithium. On the basis of conductivity measurements, it has been
shown that the Fermi level can be depressed by 1 ev or more through doping
with group I acceptor impurities (i.e., lithium or copper) (Sec. 3.1). Lower-

ing of the Fermi level by a sufficient amount may lead to an emptying of the
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surface states, and consequently to stabilization of the surfaces of the ZnO
particles by reduction of the field-aided drift of optically injected holes
toward the surface. It might therefore be possible that copper or lithium
doping of ZnO would result in a retardation of the solar-radiation-induced
optical damage. The available data on the copper-doped particulate samples
were shown in Fig. 4-13; the copper-doped samples exhibited a marked reduction
in damage, as compared to that incurred by "standard" samples (Fig. 4-6).
These data must be interpreted with caution, since (1) the data relating to
the behavior of undoped Zn0 prepared in the same manner as the doped samples
are not yet available, and (2) the initial absorptance of the doped sample was

1

considerably higher than that of the "standard" samples. The data can be more

meaningfully evaluated after the undoped precipitated samples are run.

In Section 2.6 on the working degradation model, the possible impurity mechanisms
which give rise to the observed visible and infrared damage were discussed. On
the basis of the existing knowled.«¢ of Zn0O and the experiments carried out

here on particulate samples to dale, it has not been possible to clearly define
the specific impurity transitions giving rise to the observed absorptions.
However, some of the experiments outlined in Section 7 have been specifically

designed to help resolve some of these questions.

The work reported herein is continuing, in an attempt to resolve many of the
questions raised by the foregoing discussion; the work leads toward the formu-
lation of a complete, coherent model of the optical damage in ZnO caused by

solar radiation.
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7.1

Section 7
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The initial reflectance spectra of the pressed and sintered particulate
samples were quite similar to those of zinc oxide-pigmented thermal
control paints, over the wavelength range 0.27 to 2.5 u.
Solar-radiation-induced reduction in reflectance of the particulate
samples over the same wavelength range was similar to that observed
for zinc oxide paints.

Most of the zinc oxide optical property changes observed in this
program appear to be connected with the loss and gain of oxygen by the
Zn0.

Solar-radiation-induced reduction in reflectance spectra of particulate
samples essentially recovers upon exposure to air.

The solar-radiation-induced reduction in the reflectance for visible
energy 1s apparently initially generated near the surface, whereas
reduction in infrared reflectance appears to be more of a bulk
phenomenon.

The effects in the particulate sample reflectance spectra produced by
(1) solar-radiation in vacuum, (2) nigh sample forming pressure, and
(3) sintering in vacuum all appear to have the same origin.

Sintering in vacuum appears to produce free zinc at the surface of the
particulate samples.

A working model for solar-radiation-induced damage to the optical

properties of zinc oxide has been formulated.

7=-1
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The information available on diffusion rates in zinc oxide and the
complex diffusion conditions near the surface prevent quantitative
prediction of the time dependence of the damage processes.

A band structure for zinc oxide was derived in a preliminary manner

by the method of corresponding states.

Ultraviolet exposures with in situ bidirectional reflectance measurements
play a crucial role in the construction and evaluation of a model for

the mechanism of optical damage to zinc oxide.

7.2 RECOMMENDATIONS FOR FUTURE WORK

The following studies are considered necessary for confirmation, refinement

and completion of the working model for solar-radiation-induced damage to the

optical properties of zinc oxide.

Work selected from these topics will be initiated during the remaining portion

of this program.

o

Further studies of the kinetics of degradation and recovery of parti-
culate samples, using the ultraviolet exposures with in situ bidirec-
tional reflectance measurements.

Further studies of the dependance of damage on irradiation wavelength
(L. Hering studies), with in situ measurements on particulate samples.
Further studies of the dependeance of damage on sample temperature,
with in situ measurements, with particular emphasis on the rate proc-
esses as a function of temperature in order to clarify the role of
diffusion in the damage process. _

Studies of damage recovery in the dark, and with filtered illuminaticn,
at various oxygen pressures using in situ measurements of particulate
samples.

Irradiate a single crystal of zinc oxide in the attempt to produce

measurable optical damage.
T=2
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Electron spin resonance experiments on single crystals to help estab-
lish the detailed nature of the defect states giving rise to the
optical absorption observed in ultraviolet degraded ZnO.

Experiments designed to gain information pertinent to the surface
barrier heights, surface charge density and the location of the sur-
face states in energy. As an example, this would include external
photoeffect measurements on metal-Zn0 surfaces and surface field effect
measurements.

Extend the Cu and Li doping studies of both particulate and single
crystals with particular emphasis on the photo desorption-adsorption
process via studies of the slow photoconductive process.

Perform a detailed first-principle self-consistent energy band calcula-
tion for zinc oxide using the method of orthogonalized plane waves;
prerhaps the greatest Importance of these calculations will be the
acquisition of information leading to the characterization of surface
and Impurity states.

Extend the capability of the in situ bi-directional reflectance
measurements farther into the infrared, to allow observation of optical

behavior beyond 2.4y during exposure tests.
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Appendix A
A PARTTAL BIBLIOGRAPHY OF RESEARCH ON ZINC OXIDE

The published literature on the semiconducting properties of zinc oxide is very :
extensive (for example, one article by Heiland, Mollwo and Stoclkmann quotes 130
references), and there is also a large literature on catalysis at ZnO surfaces.
Much information on the above subjects exists also in the form of unpublished

reports (such as the University of Pennsylvania reports during the 1950's).

Additionally, there is a large body of information (both in published and in
report form) on the degradation of zinc oxide paints due to electromagnetic or
particulate radiation. This information has not been specifically included in

this abbreviated literature bibliography, but instead enough of the published

~ papers on zinc oxide as a material so that results which shed light on damage

mechanisms will have been reported in at least one paper.

Some of these papers relate to the electrical and optical properties of single
crystals, or to impurity diffusion rates in single crystals. Others are con-
cerned with the properties of Zn0 in powdered or microcrystalline form, and there

are four review papers which attempt to cover the whole field.

Review Articles

G. ‘Heiland, E. Mollwo and F. Stockmann, Solid State Physics Vol. 8, (Academic
Press, 1959), pp. 191 — 323.

"Electronic Processes in Zinc Oxide"

(A very exhaustive and well documented survey article of results on /
both powdered and monocrystalline zinc oxide, with 130 references
up to 1959. Describes the electrical and optical properties, adsorp-

tion phenomena, impurity diffusion, luminescence. )
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Ge Heiland, International Summer Course on Solid State Physics, Ghent (1963)
"Surface Properties of Zinc Oxide"
(Notes associated with lectures given by Heiland at this summer school
in Belgium. Contains nothing brand new, but gives a useful summary of
information about processes on the ZnO surface up to 1963, field effect

measurements, adsorption, etc.)

E. Scharowsky, Z. Phys. 135, pp, 318 — 330 (1953)

"Optical and Electrical Properties of ZnO Single Crystals with Zn Additions"

(In German)
(The foundation paper of ZnO single crystal work — essentially Scharowsky's
thesis in which he describes how crystals are grown from a vapor phase
reaction. Crystals were heated in Zn vapor at various temperatures and
he shows how excess zinc in the lattice provides conduction electrons
and produces the famous "b" optical absorption between 0.37 and 0.65

microns. )

‘ E. E. Hahn, J. Appl. Phys. 22, pp. 355 — 863 (1951)
"Some Electrical Properties of Zinc Oxide Semiconductor"

(This is probably the earliest general review paper we should take note
of. There had been much earlier work on zinc oxide — notably the work
of Carl Wagner and his group before World War II — but Hahn essentially
brings us up to date to 1950 with the situation on ZnO pressed powders,
the n-type conduction, the high resistance at intergranular contacts

due to upturned bands.)

F. F. Kenshtein (Th. Wolkenstein).
"The Electronic Theory of Catalysis on Semiconductors) MacMillan Co., N.Y.,
1963. (Translated from Russian)

{An excellent review and an extended version of concepts in his many

‘papers on the subject.)

H. E. Brown, ed., Zinc Oxide Rédiscovered,

! The New Jersey Zinc Company, New York, 1957.

®

(Extensive review of selected properties and commercial uses of zinc oxide.)
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Single Crystals — Electrical Properties

G. Mesnard and C. Eymann, Comptes Rendus 258, pp. 3672 — 3675 (196k)
"Electronic Properties of Zinc Oxide Single Crystals Containing Acceptor
Elements'! (In French)
(Reports on ZnO single crystals grown by the flux method — using a lead
fluoride flux — rather than the conventional Scharowsky vapor phase
approach. Crystals can be grown with up to 1 percent of acceptor ele-
ments such as lithium, sodium, and copper. Such crystals are still
not p-type, but have extremely small free electron densities, reduced

infrared absorption, but a fundamental absorption edge displaced towards

longer wavelengths.)

A. R. Hutson, J. Phys. Chem. Solids 8, pp. 67 — k72 (1959

"Electronic Properties of ZnQO"
(A paper given at the 1958 Rochester conference. Uses thermoelectric
and magnetoresistance data in combination with existing Hall effect
and conductivity data to elucidate the conduction band structure in
ZnO. TFinds that there should be at least 12 conduction band valleys

of relatively small mass anisotropy!)

G. Heiland, J. Phys. Chem. Solids 6, pp. 155 — 168 (1958)

"Field Effect and Photoconductivity in ZnO Single Crystals' (In German)
(Uses field effect and photoexcitation to study electron mobility in
the surface layer of Zn0O crystals treated in hydrogen to create an N+
surface layer. Tries to measure electron lifetime from functional
dependence of steady state and chopped photoresponse, while gas cover-

age is maintained nominally constant.)

A. R. Hutson, Phys. Rev. 108, pp. 222 —~ 230 (1957)

"Hall Effect Studies of Doped Zinc Oxide Single Crystals”
(A useful review of the temperature dependence of density and mobility
of free electrons in Zn0 crystals, to be used in conjunction with other

papers. )
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Single Crystals — Optical Properties

D. G. Thomas, J. Phys. Chem. Solids 10, pp. 47 — 51 (1959)

"Infrared Absorption in Zinc Oxide Crystals"
(Comments on lattice absorption bands at 10.1 and 11.5 microns, uses
lithium and indium doped single crystals to show how superimposed free

carrier absorption is linear in free electron density, varies as cube
of wavelength from 1 to 6 microns.)

R. Arneth, Z. Physik 155, pp. 595 — 608 (1959)

"On the Absorption of ZnO Crystals in the Infrared" (In German)
(Displays infrared results in good agreement with above reference.
Also shows how additions such as zinc or copper lead to additional
near ultraviolet and visible absorption on the low energy side of

the "pure crystal" intrincic absorption edge.)

. Single Crystals — Surface Effects

G. Heiland, Disc. Far. Soc. 28, pp. 168 — 182 (1959)

"Surface Conductivity of Semiconductors and its Variation by Adsorption, Trans-

verse Electric Fields and Irradiation"
(A review of University of Erlangen work, particularly field effect
experiments, on Zn0O and other semiconductors. The discussion invol-
ving Helland and F. S. Stone brought up the point as to whether any
proof exists that oxygen from the lattice itself as opposed to adsorbed
oxygen 1s evolved on irradiation — methinks the strongest evidence
here lies in Collins and Thomas paper, Phys. Rev. 112.)

, pp. 415 — 432 (1955)

G. Heiland, 7. Phys. .h2

"The Surface Electrical Conductivity of Zinc Oxide Crystals" (In German)
(Concerned with the change of conductance of single crystals due to
change in the surface condition following irradiation. Used 1 KeV

electrons as well as ultraviolet photons for irradiation.)

A=l

LOCKHEED MISSILES & SPACE COMPANY



D. F. Anthrop and A. W. Searcy, J. Phys. Chem. 68, 2335 — 23L2 (196k)
“Sublimination and Thermodynamic Properties of Zn0."
(Mass spectrometric study of sublimination of ZnO. Resolves the
problem of the anomalous rate of sublimative of ZnO in the presence

of Zn vapor. )

E. Kh. Enikeev, C. Z. Roginsky and J. H. Rufov, Proc. International Conf. on
Semiconductor Phys., Prague 1960.
"Study of the Influence of the Adsorption of Gases on the Work Function of
Semiconductors."
(Relates the work function and activation energy of adsorption and
desorption of oxygen on Zn0 as a function of surface coverage and

Ii and Zn doping.)

Th. Wolkenstein, Disc Faraday Soc. 31, 209 — 218 (1961).
(The problem of ionizing radiation in the adsorptive and catalytic
properties of a semiconductor is formulated within the framework of
the electron theory of chemisorption and catalysis. Discusses band-
bending and bulk parametcrs of a semiconductor in relation to the

above effects. )

G. Heiland, J. Phys. Chem. Solids 22, pp. 227 — 234 (1961)

"Photoconductivity of Zinc Oxide as a Surface Phenomenon"
(Discusses field effect and photoconductivity measurements on single
crystals in terms of the motion of motion of mobile carriers in a
surface channel, and the trapping and recombination of electrons and

holes. The data appears open to several interpretations.)

H. J. Krusemeyer, J. Phys. Chem. Solids 23, pp. 767 — 777 (1962)
'The Influence of Light, Oxygen and Nitrogen on the Field Effect Mobility of
Zinc Oxide Crystals."
(Suggests that a result of optical absorption in the fundamental
region is the transfer of oxygen lattice ions to adsorption sites —

from which they can presumably later desorb.)
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T. Wolkenstein and I. V. Karpenko, J. Appl. Phys. 33, pp. 460 — 465 (1962)

"On the Theory of the Photoadsorptive Effect on Semiconductors"
(BEstablishes a rather complicated criterion for adsorption or desorp-
tion of oxygen upon illumination which appears to be able to reconcile
the various experimental observations of Fujita, Terenin, Barry and

Stone, and Barry.)

R. J. Collins and D. G. Thomas, Phys. Rev. 112, pp. 388 — 395 (1958)
"Photoconduction and Surface Effects with Zinc Oxide Crystals"
(Remarks that the surface photoconduction in single ZnO crystals is
too large to be explained by photo-desorption of adsorbed oxygen.
Argues that actual photolysis must occur — light produces hole
electron pairs, holes move to surface and discharge lattice oxygen,

leaving a zinc-enriched surface region.)

H. J. Krusemeyer, Phys. Rev. 11lL, pp. 655 — 664 (1959)

"Surface Potential, Field Effect Mobility, and Surface Conductivity of ZnO

Crystals"
(Measurements on single crystals suggest that the bulk diffusion
length for holes exceeds 10—5 cm, and that the quantum efficiency of
the hold trapping process at the surface is approximately unity for

a neutral surface.)

D. G. Thomas and J. J. Lander, J. Phys. Chem. Solids 2, pp. 318 — 326 (1957)
"Surface Conductivity Produced on Zinc Oxide by Zinc and Hydrogeny
(Studies the additional conductance of single crystals of ZnO caused
by adsorption of zinc or hydrogen. Zn is adsorbed at room tempera-
ture and the additional conductance is a surface effect, with

evidence of impurity band conduction.)

A=b
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Single Crystals-Diffusion Studies

W. J. Moore and E. L. Williams, Disc. Far. Soc. 28, pp. 86 — 93 (1959)

"Diffusion of Zinc and Oxygen in Zinc Oxide"
(A quite small diffusion coefficient for zine, governed by an activa-
tion energy of 165 K cal, is found by using radioactive tracer tech-
nigques with single crystals. A mechanism based on thermally produced
Frenkel defects is suggested. Radioactive techniques for oxygen
yield a diffusion coefficient which is even smaller than for zinc.
Vigorous discussion following presentation of this paper at an Ottawa
symposium brought out the diversity of views on how zinc can propagate
through the Zn0O lattice.)

D. G. Thomas, J. Phys. Chem. Solids 3, pp. 229 — 237 (1957)

"Interstitial Zinc in Zinc Oxide"
(ZnO single crystals heated in zinc vapor, and the temperature depend-
ence of the interstitial zinc solubility and diffusion coefficient
inferred from the added conductivity. This method implies much

faster diffusion than radioactive methods suggest.)

D. G. Thomas, J. Phys. Chem. Solids 9, pp. 31 — k2 (1959)

"The Diffusion and Precipitation of Indium in Zinc Oxide"
(Indium coated on ZnO single crystals is dissolved and diffused in at
temperatures from 800~1300 C. This precipitates out on dislocations
at lower temperabures when the solubility limit is surpassed, at

T @)

6
rates indicating dislocation densities ranging from 10 to 10 cm

Single Crystals-Doped

G. Bogner and E. Mollwo, J. Phys. Chem. Solids 6, pp. 136 — 143 (1958)
"On the Production of Zinc Oxide Single Crystals with Definite Additions"
(In German)
(Describes adaptation of the Scharowsky method for making doped single

crystals of ZnO. Shows how the conductivity increases with indium

A=T
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addition and decreases with copper addition, and how doping affects

the infrared free carrier optical absorption.)

H. Rupprecht, J. Phys. Chem. Solids 6, pp. 1kl — 15k (1958)
! "On the Concentration and Mobility of Electrons in Zinc Oxide Single Crystals
| with Definite Additions." (In German)
(Conductivity and Hall effect measured and analyzed for the indium-

and copper-doped crystals of Ref. 1h.)

J. J. Lander, J. Phys. Chem. Solids, 15, 324 (1960)
"Reaction of Lithium as a Donar and Acceptor in Zn0."
(Contains recipes for obtaining Li donor and acceptor states in ZnO

and discusses the thermodynamic and kinetic aspects of the problem.)

P. H. Kasai, Phys. Rev., 130, 989 — 995 (1963)
"Electron Spin Resonance Studies of Donors and Acceptors in ZnO."
(Identifies levels and gives estimates for them from an analysis of

‘ ESR experiments on Li and Zn doped polycrystalline ZnO.)

Powders — Surface Effects

Y. Fujita and T. Kwan, Bull. Chem. Soc. Japan, 31, pp. 379 — 380 (1958)
"Photodesorption and Photoadsorption of Oxygen on Zinc Oxide"
(Report direct observations of gas — presumably oxygen — given off by

ZnO powder in vacuum under ultraviolet illumination.)

D. B. Medved, J. Chem. Phys. 28, pp. 870 — 87% (1958)
"Photodesorption in Zinc Oxide Semiconductor"

(Also reports evolution of gas — presumably oxygen — by ZnO powder on

—
—
3

gas evolubtion and
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photoconductivity as a function of time.)
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D. B. Medved, J. Phys. Chem. Solids, 20, 255 — 267 (1961)
"Photoconductivity and Chemisorption Kinetics in Sintered ZnO Semiconductor"
(Relates the “slow photoconductivity process to the chemisorption

process which obeys the Flovich rate equation.)

S. R. Morrison, Advances in Catalysis VII (Academic Press, 1955), pp. 259 — 301

"Surface Barrier Effects in Adsorption, Illustrated by Zinc Oxide."
(Explains time~dependent events in Zn0O as the consequence of chemi-
sorption with electron transfer across the surface potential barrier
as the rate-determining step. Suggests that ionization of surface

states is the primary rather than secondary result of absorption of
light.)

H. J. Gerritsen, W. Ruppel and A. Rose, Helv. Phys. Acta 30, pp. 504 — 512 (1957)
"Photoproperties of Zinc Oxide with Ohmic and Blocking Contacts"
(Studies fast and very slow photoconductive response for the finely

divided powders of Ruppel et al.)

T. I. Barry and F. S. Stone, Proc. Roy. Soc. A.255, pp. 12k — 1kl (1960)

"The Reactions of Oxygen at Dark and Irradiated Zinc Oxide Surfaces"
(Adsorption techniques including use of 180 used to keep track of
oxygen on and off the surface of zinc oxide with a large surface to
volume ratio. Results suggest that U.V. lrradiation usually results
in photodesorption, but that oxygen photoadsorption can occur when
the Zn0O has a large zinc excess — a not unreasonable result but one

in direct conflict with Terenin et al.)

T. I. Barry, Proc. 2nd Int. Cong. Catalysis (Paris, 1960) pp. 14L9 - 1457

"The Adéorption of Oxygen on Zinc Oxide. The Effect of ¥ Radiation."

ey

oin Znl surlaces studies as a

[ Lo e

. .
(The kinetice of oxygen chomisorp

function of temperature, and two processes separated, interpreted as
chemisorption of 0  at low temperatures and of 0% above 200 C.

Gamma radiation produces desorption of oxygen adsorbed at low tem-
peratures, but there are complications when oxygen is pre-adsorbed

at higher temperatures.)
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W. Ruppel, H. J. Gerritsen and A. Rose, Helv. Phys. Acta 30, pp. 495 — 503
(1957)
"An Approach to Intrinsic Zinc Oxide"

(Studies extremely finely divided zinc oxide powder, which can have
7

Copsos 1
an apparent resistivity of up to 107 ohm cm. The grain size of

-5 .
about 10 cm resulted in enormous effects of adsorbed oxygen.)

S. R. Morrison and P. H. Miller, Jr., J. Chem. Phys. 25, pp. 106l — 1065 (1956)
"Adsorption of Oxygen on Zinc Oxide"
(Measures directly the volume of oxygen adsorbed by powdered ZnO.
The variation of this with the prior time-temperature-oxygen pressure
history is suggestive of the ready diffusion of interstitial zinc

away from and towards the surface at about 500 C.)

P. H. Miller, Jr., Photoconductivity Conference (Wiley, 1956), pp. 287 — 297

"The Role of Chemisorption in Surface Trapping"
(A report to the Atlantic City conference on the work of the University
. of Pennsylvania group up to 1954, Reviews the experiments of Melnick
and Medved on very slow and non-exponential decay of photoconductance
in pressed powders in the light of Morrison's model for surface

barrier and adsorption effects.)

E. Mollwo, Photoconductivity Conference (Wiley, 1956), pp. 509 — 528

"Electrical and Optical Properties of ZnO."
(Reviews the work of Scharowsky and Heiland. Discusses both the rapid
and the slow photoconductive response observable in pressed sintered

layers.)
D. A. Melnick, J. Chem. Phys. 26, pp. 1136 — 1146 (1957)
"Zinc Oxide Photoconduction, an Oxygen Adsorption Process'
(Much concerned with the very slow and non-exponential decay of photo-

conductance in pressed powders, and its interpretation on the basis

of Morrison's model. )
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A. Terenin and Yu. Solonitzin, Disc. Far. 3oc. 28, pp. 28 — 35 (1959)

"Action of Light on the Gas Adsorption by Solids"
(Results suggest that photodesorption of oxygen occurs when ZnO with
zinc excess is illuminated with U.V., but that oxygen photosorption

occurs if the ZnO has excess oxygen!)

Powders — Optical Propertieg

V. N. Filimonov, Optika i Spektr. 5, pp. 709 — 711 (1958)

"Electronic Absorption Bands of Zn0O and TiO, in the Infrared Region of the

2
Spectrum"” (In Russian)

(Describes how infrared absorption by ZnO powder increases under
ultraviolet irradiation in vacuum, and how it decreases again when

oxygen is admitted to the system.)

. Thin Films

V. K. Miloslavskii and N. A. Kovalenko, Optika i Spektr. 5, pp. 616 — 617 (1958)

"Absorption by Zinc Oxide in the Infrared Region of the Spectrum" (In Russian)
(Measurements of infrared optical transmission for sputtered films of
Zn0 apparently with a large excess of zinc, showing a strong absorp-

tion peak at 5 microns which is attributed to an impurity band.)

Catalysis

F. Romero-Rossi and F. S. Stone, Proc. 2nd Int. Cong. Catalysis (Paris 1960),
pp. 1481 — 1h96.

"The ZnO-Photosensitized Oxidation of Carbon Monoxide"
(Is involved with the effect of dopants such as Li and Cr in ZnO on
the adsorption and photoadsorption characteristics of the surface.

Results are discussed relative to oxygen adsorption.)
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Appendix B
BI-DIRECTIONAL REFIECTANCE APPARATUS

B.1 INTRODUCTION

Evaluation of the effects of the space enviromment on the optical properties
of materials generally consists of exposing materials to the simulated environ-
ment, and characterizing material behavior by pre~ and post-exposure optiéal
property measurements. This technique allows use of standard optical instru-
mentation in the performance of the measurements, and therefore permits selec-
tion of the measuring technigue best suited to definition of the operational
parameters required of the optical material. TFor surfaces used to control
spacecraft temperatures, the solar absorptance can be obtained from spectral
reflectance data measured with either an integrating sphere or Coblentz
hemisphere. However, such "static" test data (i.e., with pre- and post-test
measurements only) cannot account for possible post-exposure recovery of the
damaged material during the period preceding the measurements. ixposure to
ultraviolet or high-energy radiation in varcuum generally reduces the solar
reflectance of white paintsg; this damage i1s known to recover upon exposure

of the irradiated specimens to air. Previous work at IMSC also indicated

that white metallic oxide pigments without a surrounding paint binder might
recover quite rapidly. Furthermore, such recovery could occur in vacuum

upon cessation of irradiation. It is evident that precise information on
witraviolet degradation of these materials can only be obtained by optical
property measurements performed in vacuum and during irradiation, i.e.

;

in situ.
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This Appendix describes the apparatus developed to obtain in situ data, and
gives a synopsis of the operating principles and procedures. A more complete
exposition of the measurement technique, together with a full uncertainty analy-
sis, will be set forth in the Final Report. Since this apparatus is being

used primarily to observe changes in spectral properties, reproducability and
resolution are the essential performance parameters. These parameters are

presented in Section B.3 of this Appendix.

The apparatus measures an approximation of bi-directional spectral reflectance,
which can be defined as follows. Consider a differential surface element
irradiated with essentially unidirectional, monochromatic energy. The bi-
directional reflectance gives the fraction of that energy that is reflected in
a given direction. Proper integration of the bi-directional spectral reflect~-
ance over the hemispherical space above the surface element will give the
spectral reflectance of the surface for the specified unidirectional irradia-
. tion. TFor a true measurement of bi-directional reflectance, the directions,
areas, and golid angles involved in both sample irradiation and signal detec-
tion must be accurately specified and controlled. 1In the present apparatus,
due primarily to the nature and dimensions of the light pipes used, such
control 1s not achieved; however, it is not necessary for the purposes of
this study. For convenience the data obtained will be referred to as bi-
directional reflectance, since that term most nearly describes the property

measured.

Conceptually, the apparatus consists of a vacuum enclosure with a sample table
inside. The chopped radiation source for the reflectance measurements is
external to the vacuum chamber; its radiation passes through a 1light pipe
which penetrates the chamber walls and illuminates the sample at an angle of
incidence of 450 (Fig. B-1). The energy reflected specularly from the sample
enters another light pipe and passes out the opposite side of the chamber to
a monochromator. After passing through the monochromator the dispersed

signal is detected; the detected signal is amplified and filtered in frequency
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and phase, corresponding to the chopper freguency and phase.

The intense source of damaging ultraviolet and visible radiation is also
external to the vacuum chamber, and is incident on the sample through a high-

purity quartz window in the top of the chamber.

The reflected signal, I(A), is compared to a reference signal, IO(A), obtained
by allowing the two light pipes to "look" directly at each other. The ratio

of these is then normalized such that the initial bi-directional reflectance,
obtained in air before ultraviolet irradiation, agrees with the normal spectral
reflectance,ﬁ%h), measured with the Cary Model 1k spectrophotometer and
associated integrating sphere. This normalization is based on one selected
wavelength, AIW The final bi-directional reflectance (BDR) data, as reported
herein, are therefore given by the following expression (written for the

wavelength A):

I(A)
BDR (A) = %3‘(%) p(Ay) ﬁ"—ﬁ_
Provision is made for (l) rotation of the sample table about an axis lying in
the face of the sample and normal to the plane of the light pipes, and (2)
rotation of the receiving light pipes out of the plane of incidence of the
of the incoming reflectance source energy (See Fig. B-1). As a result, through
propexr manipulation of the light pipes and the sample table the following
measurements can be made: (1) bi-directional reflectance for the non-specular
case; and (2) direct beam transmission measurements for angles of incidence

from 459 to 90°.
B.2 DESCRIPTION OF APPARATUS

The apparatus is shown in Fig. B-2. In the center of the picture is the cylin-

drical wvacuum chamber, with an electronic high vacuom ponp mounted below it.

B-L4
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On top of the chamber are mounted the ultraviolet irradiation source and its
convection-cooled housing, with an automatic lamp-intensity monitor. The

housing is constructed to accommodate xenon, mercury-xenon or mercury-argon
ultraviolet arc lamps, either air or water-cooled. Ultraviolet radiation enters
the chamber through a four-inch diameter, one-half inch thick Suprasil (Engelhard

Industries, Inc.) window located on the center of the removable top plate.

The samples are mounted on a horizontal three-inch-diameter stainless gteel
table located two inches below the Suprasil window. A detail of the sample
table is shown in Fig. B-3. 'The table has attached cooling coils and an
electric resistance heater for temperature control over the range -320°F to
600°F. The table can be translated to extract samples from the region of
ultraviolet illumination or to locate alternate samples for in situ optical
measurements. These movements can be accomplished while the chamber is

maintained under high vacuum.

In situ measurements of sample transmittance and bi-directional reflectance can
be performed with the ultraviolet source on or off, and under vacuum Or

ambient pressure conditions. The measurements are performed essentially as
described in Section B.l. The sample table and the ends of the light pipes

are shown in Fig. B-3. A schematic of the light pipe geometiry is shown in
Fig.B-1. The light pipes and the sample table are rigidly supported both
inside and outside the chamber to minimize the possibility of system mis-
alignment during chamber pump-down or return to atmospheric pressure. The
light pipes and the sample table supporting arm both pass through the chamier

walls inside flexible stainless steel bellows.

The source for the reflectance (or transmittance) measurements is the 100U
watt tungsten lamp shown at the right of Fig. B-2. Tin output of this lamp
is focused at the end of one light pipe (at risht in fipures) and interrupted
by a twenty C.P.S. synchronous-motor-driven chopper. Energy reflected from

the sample and striking the end < the second Tisht pipe (at left) is

B-6
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collected and transmitted to a collimating lens, then passed through a mono-
chromator. The dispersed signal is finally measured by a photodetector. The
photodetectors used are a RCAT200 photomultiplier for the range 0.3 to 0.7
microns and a Kodak lead sulphide photoresistor for the range 0.7 to 2.4
microns. The monochromator is a PRaush and Lomb Grating Monochromator with
interchangeable gratings and variable slits, which can be used over the range
0.18 to 3.2 microns. The monochromator and detector housings are shown at the
left side in Fig. B-2. The output of the detector is amplified by a narrow
frequency band, phase sensitive amplifier (Princeton Applied Research Iock-In

Amplifier Model JB-5) and recorded on a milliampere chart recorder.

Incorporation of the narrow band amplifier in conjunction with the mechanical
light chopper permits the measurement of only the reflected energy which origi-
nates from the tungsten source. The high-intensity ultraviolet irradiation
(damage source), which is predominantly direct current with a signifiicant 120
cycle harmonic, is reflected from the sample and measured by the detector.

However, this background does not affect the amplifier output signal level.
B.3 MEASUREMENT PROCEDURE

The bi-directional spectral reflectance is determined by measuring the spectral L
energy reflected from the sample, I(A), with the light pipes on the positions
shown in Figs. B-1 and B-2. 'Then one pipe is rotated about its axis so as to
directly view the other pipe with the sample table withdrawn. The transmitted
spectral energy, IO(A), is measured and the ratio of the first measurement

to the latter is propertional to the bi-directional reflectance. This ratio
as such has no absolute units; it is normalized at a particular wavelength with
respect to the normal spectral reflectance measured with an integrating sphere.
(See Section B.1). The resulting quantity is referred to as bi-directional
reflectance in this report. For a tesl during which a series of bi-directional
reflectance spectra are desired, only the initial spectrum is normalized to be

equal to the normal veflectance spectrum. The succeeding spectra are in situ
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measurements of the degradation in reflectance. See Figs. 4-1 through 4-3

for examples of results of this procedure.

The procedure for determining bi-directional reflectance outlined in the pre-
ceding paragraph accounts for any degradation in transmittance of the optical
components, detector sensitivity, or tungsten lamp output. It does not account
for mechanical movement of optical components due to changes in structural
loading induced by chamber pump down or return to atmospheric pressure. These
changes are minimized by proper apparatus design and checked by monitoring
either the reference signal (IO) or the reflectance of a mirror during chamber

pressure changes.

The sample temperature must be known during irrediation, so that the changes
in optical properties due to ultraviolet degradation and those due to tempera-
ture change can be segregated. To illustrate, the magnitude of the effect of

temperature only on the reflectance of zinc oxide is shown in Fig. 4-1.

Procedures to determine sample temperature and restrict sample temperatures
within desired limits have been developed. Direct measurement, by use of fine
guage thermocouples embedded in the samples, is not adquate nor appropriate
because: (1) the exact magnitude of direct heating of the thermocouple by the
incident A-H6 energy is difficult to determine for each thermocouple, and

(2) thermocouples are a potential source of sample contamination.

Sample temperature is determined by calculation of the energy balance for
the sample, using experimentally determined values of incident radiant flux,
sample spectral reflectance and sarple-to-sample-table contact conductance.
The thermal conductivity of standard zinc oxide samples is approximately

0.6 Btu/in.-hr OF as reported by Kingery in American Ceramic Society Vol. 37,
1954. Therefore, for the heat exchange rates typical tor these tests, the
temperature difference through these samples is less than 10°F for typical

thickness cf 0.10 in.

B-9
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Sample temperature is given by the equation:

eo(’l‘i - Tt) + K(TS - Tst) = ,[WAO‘A ar (1)

where

Ts = gample surface temperature

Tc = effective chamber temperature

Tst = sample table temperature

o = Stephan-Boltzmann constant

€ = sample emittance

Wy = spectral irradiance of sample by A-H6 lamp

ah = gpectral absorptance of zinc oxide

K = sample-to-sample-holder contact conductance

This equation can be used because (1) the dominant radiation absorbed by the
. sample is ultraviolet energy which is absorbed close to the sample surface,

and (2) the total temperature drop through the sample is less than 10°F.

Incident radiant flux is determined with an Eppley radiometer and monitored
for successive runs with a filtered phototube. € and Q, are determined
from total normal reflectance data over the region 0.3 to 20 microns, obtained
with the Cary spectrophotometer and a Hohlraum reflectometer with associated
spectrophotometer. Oy is corrected for damage with the in situ measurements.

Clearly, if K is very large then T_— T and the problem is a trivial

st ’
one of measuring the sample table temperature. Unfortunately the standard
sintered samples are not flal, and they are vritiie. Therelore contact area
between sample and sample table is meager and contact pressure is necessarily
small to minimize sample breakage. The best method to increase contact con-

ductance employs & thin layer of unsintered zinc oxide powder in the sample

B-10

LOCKHEED MISSILES & SPACE COMPANY



recess, on which the sample 1is pressed with a stainless steel frame. This
method removes the possibility of contamination due to adhesives or conductance
pastes. Repeatable thermal contact conductances are provided, and the sample-
to-sample table temperature gradient is less than 100OF for all sample holder
temperatures in the range -320 to +5000F, and for irradiation intensities

typical for the AH-6 at a distance of 3.5 inches.

The contact conductance was measured by installing instrumented standard zinc
oxide samples and heating the sample table to approximately SO00F in several
steps with the AH-6 off. At each steady state condition, the sample and
sample table temperatures are recorded, and the radiation heat transfer

computed. The contact conductance is given by:

K = - (2)

Several evaluations have repeatedly given conductance values in the range

. 2 )
0.3 to 0.4 Btu/in. -hr-OF. Using the mean of the above conductance values
for all samples installed in this fashion, the sample temperature is computed

with an expected error of less than *200F for the range -320°F to 500°F.

A detciled analysis of the uncertainties in this equipment is underway, and

will be presented in the final report. The reproducibility of the bi-

directional reflectance data is within +5 percent. Spectral resolution of

o) ]

about 10 A is achieved for wavelengths between 0.3 and 0.8 microns; in the
o}

range between 0.8 and 2.4 microns the resolution is approximately 50 A.

B.4  APPLICATION OF DATA

In this program, the "bi-directional reflectance" data taken on this apparatus

are being used to infer changes in absorptance. There are two possible

B-1t
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objecticns to this procedure, which will be reviewed below. On the macro-
scopic scale, radiation striking an object can do three things: (1) be

transmitted, (2) be reflected, or (3) be absorbed.

One possible objection is related to the sample opacity; transmitted energy
would be interpreted as absorption. However, for the sample thicknesses used
in this program (0.070 in.), the transmittance is less than one percent for

the ﬁavelength range from 0.3 to 2.0 microns.

The second possible objection is that bi-directional reflectance is not a
measure of all energy reflected from the sample; changes in bi-directional
reflectance can be caused by changes in either total absorption or the
directional distrivution of the reflected energy. In general, this may be a
valid objection. However the situation must be considered in light of the

particular samples under study.

The samples are composed of zinc oxide particles with an average particle
diameter of 0.3 microns; they reflect solar radiation through the process of
back-gcattering. The standard sintered zinc oxide samples are observed to be
nearly diffuse reflectors in the range 0.3 to 2.4 microns. For all but
highly grazing angles it has been found that the bi-directional spectral
reflectance of standard zinc oxide samples is directly proportional to the
total normal spectral reflectance over the range 0.3 to 2.4 microns. This is
to be expected for diffuse samples. The real question is: what happens to
the directional behavior of the samples when they are damaged. It is highly
unlikely that the ultraviolet-induced damage causes changes in the real part
of the index of refraction, or in particle size. The damage produces changes
in the absorption index. Now these samples are composed of particles which
are nearly the same size as the wavelength of light being considered, and
which have an indices of refraction which are several ordcrs of magnitude

larger than their absorption indices. In such systems, the direction of light
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scattering is contreclled primarily by the particle size and the refractive
index. Conseguently, the damaged samples are expected to have the same
directional bebavior as the undamaged samples, i.e., highly diffuse. When

this has been checked by appropriate rotation of the light pipes (see Sec. B.1l),

it has been found to be the case.
Consequently, for the study of particulate zinc oxide samples, measurements

of change in bi-directicnal reflectance are valid indications of changes in

sample absorption.
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Appendix C

STATIC ULTRAVICIET EXPOSURE APPARATUS

The static ultraviolet exposure chamber is shown in Figure C-1. The test cham-
ber is a water-cooled stainless steel bell jar 14 inches high and 14 inches in
diameter. The 1" diameter samples are mounted on a water-cooled, semi-cylinder
copper sample holder concentric with the ultraviolet source and at a distance
of %.9 inches which results in nominal irradiances of 5 "suns'" of ultravioclet
energy. A flux density of one "sun" of ultraviolet energy is herein defined

as the flux density-.of extraterrestrial radiation at one astronomical unit from
the sun, in the wavelength interval from_2000& to AOOO&. At these flux densi-
ties the sample temperatures were maintained between 100°F and 125°F for all
ultraviolet tests in this chamber. Thermal contact conductance between the
sample and the water-cooled copper sample holder was controlled with individual
mounting frames which pressed the back face of the sample against the copper.
Vacuums are established prior to initiation of ultraviolet exposure with cryo-
genic sorption roughing pumps and an electronic high vacuum pump to avoid poten-

7

tial o0il contamination problems. The chamber pressure is typically 2x10°" Torr
in the last portion of an exposure period and before the lamp is started. At
the beginning of the exposure period the pressure typleally rises %o

l><ZLO-5 Torr, because of the relatively high initial "out gassing" of zinc oxide

under irradiation.

The source of ultraviolet energy is a 1 XKW AH-6 (PEK Labs Type C) high pressure
mercury-argon capillary arc lamp. Approximately 35 percent of the lamp's radiant
output i1s in the interval from 20004 to 4000A. The lamp's total output is in

the interval 2000& to 26,000K. The lamp is water-cooled and has a quartz water

Jacket and velocity tube. This assembly is lowered into a guartz envelope
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Figure C-1

Ultraviolet Radiation - High Vacuum Exposure
Apparatus

C=2




extended into the exposure chamber from the top. The assembly can be withdrawn
to change‘lamps without disturbing the established vacuum. Unless a lamp rup-
tures, it is run for 100 hours, and then replaced. Each test is begun with a

new lamp. This procedure is followed because the AH-6 output decreases with

time more in the 2000 —-BOOOR interval than in the 3000 — MOOOA interval.
Therefore, for materials which are degraded primarily by energy of wavelengths
less than 5000&, an old lamp will produce less degradation than a new lamp for the

same total ultraviolet exposure, expressed in sun-hours. Some control over this

effect i1s achieved through following this standard replacement procedure.

The ultraviolet intensity is monitored external to the vacuum chamber with a
calibrated RCA 935 phototube in conjunction with a Corning 7-54 filter, which
transmits only the near ultraviolet output of the lamp. The output of the photo-
tube is automatically measured and recorded for a few minutes each hour with a
recording microammeter. The intervening quartz window and 7-5L4 filter are peri-
odically checked for degradation in spectral transmittance and cleaned or re-
placed as necessary. When desired, a Corning 0-54 filter is used to compare the
intensity in the 2000 to BOOOA region to that in the 3000 to LOOOA region as a
measure of the relative éegradation of lamp output in the shorter wavelength

regions.

The effect of ultraviolet radiation on the optical properties is evaluated by
measuring the spectral reflectance immediately before and after irradiation with
a Cary Model 1L spectrophotometer and integrating sphere in the range 0.3% to

1.8 microns. In some cases a Beckmuan DK-2 spectrophotometer and integrating
sphere were used to extend the infrared measurement range from 1.8 microns to

2.6 microns. Both instruments effectively measure spectral near-normal reflectance.

(9]
I
w
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Appendix D
PHOTOCONDUCTIVITY

The photoconductive response of Li doped ZnO was measured by a method first
used by Haynes and Hornbeck in 19551. This experimental procedure was later
recommended as a standard by the IRE.2 It involves a small sample at the semi-
conducltor with end contacts connected to a constant current source. A flash
of light, generated either electronically or with a mechanical chopper, is
focused on the sample and the changes in conductivity of the sample are

measured as changes in the voltage across the sample.

For accurate lifetime measurements, the following experimental parameters are

recommended.:

(a) Peak conductivity modulation of about 10 percent.

(b) The electric field across the sample should not be too large, to
avold sweeping the carriers away and altering their distribution or
so small as to let diffusion effects predominate.

(c) The elimination of photovoltaic effects at the end contacts by
masking.

(d4) Onmic contacts.

(e) Provision for background illumination to saturate those traps close
to the valence band or to optically pump these traps close to the
conduction band.

(f) Rapid decay of the light source.

(1) Haynes, J. R. and Hornbeck, J. A., Phys. Rev. 90 (1953), 152 — 153
(2) IRE standards, Proc. Inst. Radio Engr., N.Y. L9 (1961), 1293 — 1299
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The experimental arrangement, as used in Zn0O, is 1llustrated in the block
diagram of Fig. D-2. The light source and associated electronics consisted of
a high voltage (10 kilovolts) power supply, the Abtronic Point Light Source
which was an air discharge spark gap and the Abtronic Time Delay Generator.
The light source had a decay time of 0.5 microseconds. The purpose of the
Time Delay Generator was to delay the light flash for a few microseconds after

the time base of a Tektronic 581 oscilloscope had been triggered.

The sample was mounted in a Sulfrian double dewar, fitted with appropriate
windows to allow for the illumination of the sample. As well as being able

to cool the sample, it was also possible to heat the sample above room tem-
perature by means of a heater incorporated into the dewar. The leads from the
sample went through a vacuum seal to a cathode follower (for impedance matching)
and the output from the cathode follower went to a Tektronic 581 oscilloscope.
A 90 volt D.C. battery was used as the constant current source and was con-
nected across the sample. The light was focused on the sample by using a
focusing bellows and a condensing lens. When background illumination was
required it was provided by a 6 volt D.C. tungsten lamp which was positioned

to illuminate the sample. Provision was also made for filtering the background

illumination.

»-2
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